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Zecken	 verursachen	 mehr	 Krankheitsfälle	 in	 der	 Nordhemisphäre	 und	 übertragen	
weltweit	 mehr	 verschiedene	 Krankheitserreger	 auf	Mensch	 und	 Tier	 als	 jeder	 andere	
blutsaugende	Arthropode.	Während	der	letzten	Jahrzehnte	haben	sich	die	Hinweise	auf	
die	 Zunahme	 der	 Verbreitung	 und	 Häufigkeit	 human-	 und	 veterinärmedizinisch	





Einflussreiche	 Studien	 aus	 den	 USA	 haben	 gezeigt,	 dass	 dort	 Kleinsäuger	 eine	





das	 Ziel	 meiner	 Arbeit,	 den	 relativen	 Einfluss	 von	 Kleinsäugerpopulationen	 und	
Umweltfaktoren	 auf	 die	 Dichte	 und	 Dynamik	 von	 Zecken	 und	 zeckenübertragenen	
Pathogenen	in	Baden-Württemberg	(BW)	zu	bestimmen.	
An	vier	Waldstandorten	wurden	dazu	monatlich	von	Frühling	bis	Herbst	2012	bis	2014	
Kleinsäuger	 mit	 Lebendfallen	 gefangen,	 individuell	 markiert	 und	 wieder	 freigelassen.	
Charakteristika	 der	 gefangenen	 Tiere	 wurden	 erhoben	 und	 vorhandene	 Zecken	
abgesammelt.	 Zusätzlich	 wurden	 an	 den	 Standorten	 kontinuierlich	 Mikroklimadaten	
aufgezeichnet	und	Zecken	von	der	Vegetation	gesammelt	um	methodenbasierte	Einflüsse	
vergleichen	zu	können.	Alle	gesammelten	Zecken	wurden	im	Anschluss	auf	Infektion	mit	
den	 zeckenübertragenen	 Pathogenen	Babesia	 spp.,	Borrelia	 burgdorferi	 s.l.,	Rickettsia	
spp.,	 Frühsommermeningoenzephalitis-Virus	 und	 Candidatus	 Neoehrlichia	 mikurensis	
untersucht.		
Ich	 konnte	 dadurch	 die	 strukturelle	 Stabilität	 der	 Kleinsäugergemeinschaften	 trotz	
ausgeprägter	jährlicher	und	saisonaler	Schwankungen	der	Populationsdichte	zeigen.	Der	
negative	 Zusammenhang	 zwischen	 Wirtspopulationsdichte	 und	 individueller	
II	 	 	
Zeckenbelastung	 offenbarte,	 dass	 Kleinsäugerpopulationen	 keinen	 Einfluss	 auf	 die	
Zeckendichte	 im	 Untersuchungsgebiet	 ausüben.	 Zudem	 zeigte	 sich	 ein	 Einfluss	 der	
jeweiligen	Pathogenökologie	auf	ihre	Prävalenz	in	Zecken.	




Meine	 Arbeit	 (i)	 stellt	 damit	 das	 Paradigma	 von	 Kleinsäugern	 als	 Schlüsselwirte	 für	
zeckenübertragene	Pathogene	in	Frage,	(ii)	identifiziert	das	Zecke-Wirt-Pathogen-System	
in	BW	als	deutlich	komplexer	als	in	den	USA	und	(iii)	verdeutlicht	damit	die	Notwendigkeit	





Ticks	 cause	 more	 vector-borne	 diseases	 in	 humans	 and	 animals	 of	 the	 Northern	
Hemisphere	 and	 transmit	 more	 different	 pathogens	 than	 any	 other	 blood-feeding	
arthropod	worldwide.	Over	the	past	decades,	evidence	for	an	increase	in	the	distribution	
and	abundance	of	ticks	of	medical	and	veterinary	importance	in	Europe	has	accumulated.	
To	date,	however,	 there	 is	 still	 a	 remarkable	 lack	 in	our	understanding	of	 the	detailed	





(nymphal)	 life	 history	 stages	 of	 ticks	 and	 are	 susceptible	 to	 a	 variety	 of	 TBPs	without	
suffering	from	disease	symptoms	themselves.	The	relevance	of	these	American	studies	to	
Europe	is,	however,	unknown.	









Babesia	 spp.,	Borrelia	burgdorferi	 s.l.,	Rickettsia	 spp.,	 tick-borne	encephalitis	 virus	and	
Candidatus	Neoehrlichia	mikurensis.	
I	 could	 show	 the	 structural	 stability	 of	 small	mammal	 hosts	 communities	 despite	 the	
occurrence	of	substantial	inter-	and	intra-annual	variability	in	population	densities.	The	





Combining	 the	 detailed	 data	 from	 three	 years	 of	 sampling	 with	 the	 use	 of	 advanced	
statistical	methods,	I	could	show	that	temperature	and	saturation	deficit	as	well	as	host	
factors	 influence	 tick	 burdens	 on	 rodent	 hosts,	 but	 that	 these	 do	 not	 contribute	
significantly	to	the	overall	abundance	of	ticks	or	pathogens.	My	study:	(i)	challenges	the	
paradigm	of	 rodents	 as	 central	 drivers	of	 TBPs	 in	 the	wild,	 (ii)	 identifies	 the	 tick-host-























































































































































































Table	3-8:	GAM	results	on	the	 factors	 influencing	 I.	 ricinus	 larval	burdens	on	the	small	
mammal	hosts	A.	flavicollis	and	M.	glareolus	............................................................	119	




























































“By	 ecology,	 we	 mean	 the	 whole	 science	 of	 the	 relations	 of	 the	 organism	 to	 the	
environment	 including,	 in	 the	 broad	 sense,	 all	 the	 “conditions	 of	 existence.”	 These	 are	
partly	organic,	partly	 inorganic	 in	nature;	both,	as	we	have	shown,	are	of	 the	greatest	
significance	for	the	form	of	organisms,	for	they	force	them	to	become	adapted.	Among	the	
inorganic	conditions	of	existence	to	which	every	organism	must	adapt	itself	belong,	first	












of	 5	 kg	 (Merritt,	 2010).	However	 the	definition	of	 small	 is	 somewhat	 arbitrary	 and	 its	




(Primates),	 carnivores	 (Carnivora)	 as	well	 as	monotremes	 (Monotremata:	 echidna	 and	
platypus).	As	the	focus	of	the	present	study	lays	predominantly	on	rodents	and	to	a	certain	
extent	 on	 shrews,	 these	 two	orders	will	 be	 discussed	 thoroughly	 and	 the	 term	 “small	
mammals”	will	be	applied	in	reference	to	them.	
In	Central	Europe,	terrestrial	small	mammals	comprise	a	total	of	38	species	from	eight	
different	 taxonomic	 families	 or	 subfamilies,	 respectively,	 with	 mice	 (Murinae),	 voles	
(Arvicolinae)	and	shrews	(Soricidae)	being	the	most	abundant	and	species-rich	ones	(Blatt	






























2008).	Within	 the	 forest,	 it	 prefers	 structured	 areas	with	 e.g.	 dead	wood	 (Marsh	 and	
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Müller,	2011).	During	winter,	Af	 lapses	 into	a	 torpor	and	reduces	 its	metabolic	 rate	 to	
about	156	kJ/	day.	The	average	longevity	of	Af	is	about	one	year	(Radda	et	al.,	1969;	Vogel,	




nectar	 from	 flowers,	 seeds,	mushrooms	 and	 berries	 as	well	 as,	 to	 a	 lesser	 extent,	 on	
insects,	larvae,	earthworms,	spiders,	snails	and	small	vertebrates	such	as	bats	or	young	
birds	(Hille	and	Mortelliti,	2010;	Blatt	and	Resch,	2016b).	Hazelnuts,	acorns	and	beechnuts	
are	stored	 in	storerooms	within	 the	burrows	to	provide	 food	supply	during	 the	winter	

















habitats.	 It	 is	 sympatric	 with	Af	 and	 represents	 one	 of	 the	most	 abundant	 species	 in	
Central	European	forests	(Hille	and	Mortelliti,	2010).	Even	though	voles	are	considered	to	
be	 habitat	 generalists	 and	 are	 known	 for	 their	 high	 trophic	 plasticity	 with	 no	 deep	
specialization	 on	 any	 particular	 plant	 species	 (Gebczynska,	 1983),	 they	 prefer	 habitats	
with	a	 lot	of	ground	structure	such	as	dead	wood	and	shrubs	 for	protection	 (Demuth-
Birkert,	 2004;	 Buesching	 et	 al.,	 2008).	 The	 species	 flourishes	 in	mixed	 and	 deciduous	
forests	with	a	well-developed	herb	and	shrub	layer	(Blatt	and	Resch,	2016c)	and	reaches	
high	population	densities	 in	habitats	with	moist	or	wet	 soil	 (Kraft,	 2008)	or	 in	 the	 tall	
herbaceous	 vegetation	 of	 wetlands	 (Blatt	 and	 Resch,	 2016c).	 In	 openly	 structured	
habitats,	Mg	can	be	found	in	hedges,	which	act	as	a	substitute	(Viro	and	Niethammer,	
1982).	Mg	occurs	in	heights	up	to	2400	m	above	sea	level,	where	it	can	survive	in	small	





Burkhardt	 and	 Schlund,	 2005).	 Voles	 spend	 their	 resting	 time	 in	 the	 nest,	 use	 it	 as	 a	
storage	and	feeding	spot	and	for	raising	their	offspring	(Viro	and	Niethammer,	1982).	The	
territorial	behavior	of	Mg	depends	on	season,	gender	and	age	and	territory	size	depends	
additionally	 on	 population	 density	 and	 resource	 availability.	 During	 the	 reproduction	
phase,	 sexually	mature	 females	 are	 territorial	 (261-1292	m²)	 (Shore	 and	 Hare,	 2008).	
Typically,	the	territories	of	young	animals	overlap	with	those	of	males	(380-2208	m²),	that	
also	 include	 the	 territories	 of	 several	 females	 (Shore	 and	 Hare,	 2008).	 Except	 for	 the	
reproductive	phase,	there	is	no	social	binding	between	the	individual	animals	(Jenrich	et	
al.,	2010).	






resources	 (Hille	 and	Mortelliti,	 2010).	 Though,	with	 increasing	 population	 density,	 the	









(Blatt	 and	 Resch,	 2016c).	 Population	 density	 ranges	 between	 9-34	 individuals/	 ha,	
favorable	conditions	can	lead	to	over	50	Individuals/	ha	(Quéré	and	Le	Louarn,	2011).	Mg	
can	 as	 well	 show	 arboreal	 behavior	 and	 was	 found	 up	 to	 five	 meters	 above	 ground	
(Claude,	1995;	Buesching	et	al.,	2008).	 In	Europe,	 there	are	 two	different	 types	of	Mg	
population	fluctuations:	In	northern	European	countries,	perennial	cycles	with	population	
crashes	every	3-5	years	occur,	while	apart	from	that	annual	cycles	occur,	with	a	more	or	
less	 steady	 population	 increase	 beginning	 in	 early	 summer,	 reaching	 high	 densities	
towards	autumn	and	decline	from	winter	until	early	spring,	with	the	respective	extent	and	
timing	highly	depending	on	tree	mast	(Shore	and	Hare,	2008).	Reasons	for	perennial	cycles	
are	 explained	 by	 extreme	 climatic	 seasonality,	 nomadic	 predators	 (Blatt	 and	 Resch,	



















hind	 feet	 is	 slightly	shorter	 than	that	of	Af	 (21-26	mm)	and	can	act	as	a	distinguishing	
feature	between	those	very	similar	species.	As	Af,	As	shows	an	ochre	yellow	fur	pattern	




































moor,	 alluvial	 forests,	 forest	 clearings	 and	 clear	 cuttings	 (Kraft,	 2008).	 Territory	 size	
depends	on	gender,	reproductive	activity	and	population	density	and	territories	almost	










can	 be	 as	 high	 as	 300	 individuals/ha.	 Those	 phases	 are	 only	 short-termed	 because	 of	
factors	 such	 as	 lack	 of	 food,	 stress,	 parasites	 and	 predators	 and	 population	 densities	
decrease	naturally	on	their	own	(Jenrich	et	al.,	2010).	The	life	expectancy	under	natural	
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Ecology	
























Sm	occurs	 from	Portugal	 to	 the	 Lake	 Baikal	 (Mitchell-Jones	et	 al.,	 1999).	 In	Germany,	
where	 it	 is	 also	 the	 smallest	 shrew,	 it	 is	 very	 abundant	 in	 all	 suitable	 habitats	
(Grimmberger,	 2014)	 and	 can	 be	 found	 in	 heights	 up	 to	 2260	 m	 above	 sea	 level	
(Spitzenberger,	 2001).	 Just	 like	 Sa,	 Sm	 prefers	 cool	 and	 humid	 habitats	 with	 intense	











Searle,	2008b).	 Its	diet	consists	of	 insects,	mites	and	snails,	however,	 in	contrast	to	Sa,	
earthworms	and	spiders	are	only	a	rare	part	of	its	diet(Hutterer,	1990;	Jenrich	et	al.,	2010).	
The	 reproductive	 season	 starts	 in	 April	 and	 lasts	 until	 September.	 During	 this	 time	 a	
maximum	 of	 three	 litters	 with	 4-6	 pups	 can	 be	 produced	 (Jenrich	 et	 al.,	 2010).	 Its	






to	 acquire	 resistance	 to	 I.	 ricinus,	 resulting	 in	 reductions	 of	 fully	 engorged	 ticks,	 the	
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The	 infestation	patterns	on	 rodents	are	 influenced	by	extrinsic	 factors	 such	as	season,	
relative	 humidity	 or	 vegetation	 cover	 (Kiffner	 et	 al.,	 2011).	 In	 addition,	 tick	 burden	
increases	with	body	mass	(age)	of	the	individual	host	and	decrease	with	the	increasing	
rodent	population	density	 (Kiffner	et	al.,	2011).	 I.	 ricinus	 infestation	can	vary	between	
























mammals,	 especially	 ubiquitous	 rodents	 represented	 in	 Europe	 by	 Af,	 As,	 and	 Mg	
(Michalik	et	al.,	2003).		
If	 infected	with	Bbsl	 spirochetes,	 Af	and	As	 remain	 infective	 for	 the	 rest	of	 their	 lives,	
although	the	transmission	rate	(from	reservoir	host	to	tick)	can	differ	between	individuals	





ticks	than	Mg,	which	 implies	that	factors	 influencing	the	density	of	Af	 in	a	habitat	also	





of	 spirochetes	 and	 at	 the	 same	 time	 transmit	 lower	 numbers	 of	 spirochetes	 to	 ticks	
(Kurtenbach	et	al.,	1994).	At	the	same	time,	simply	regarding	the	transmission	potential	
of	a	 species	neglects	 the	 fact	 that	 less	 larvae	 feeding	on	Mg	will	moult	 successfully	 to	
infected	 nymphs	 compared	 to	 those	who	 have	 fed	 on	Apodemus	 spp.	 (Humair	 et	 al.,	
1999).	
Af	 and	Mg	 both	 seem	 to	 play	 a	 role	 in	 the	 transmission	 of	 Candidatus	 Neoehrlichia	
mikurensis	 (CNM)	 (Silaghi	 et	 al.,	 2012a).	 Transmission	 of	 tick-borne	 encephalitis	 virus	





but	also	hedgehogs	 (Erinaceus	 roumanicus)	 in	 the	maintenance	of	 TBE-V	 in	 the	Tribec	
region	(Kozuch	et	al.,	1967).	
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1.3 Ticks	(Ixodida)	
Ticks	 are	 obligate	 blood-feeding	 ectoparasites	 of	 the	 class	 Arachnida	 (phylum:	














roosts	 (Estrada-Peña	 and	 Jongejan,	 1999),	 causing	 skin	 irritations	 up	 to	 anaphylactic	
shocks	in	humans	(Petney	et	al.,	2012).	
The	 tick	 species	 that	 are	 known	 to	 infest	 small	 mammal	 hosts	 in	 the	 woodlands	 of	
Germany	 are	 D.	 marginatus	 (Sulzer,	 1776),	 D.reticulatus	 (Fabricius,	 1794),	 Ixodes	
acuminatus	(Neumann,	1901),	I.	ricinus	(Linnaeus,	1758)	and	I.	trianguliceps	(Birula,	1895),	
and	all	belong	to	the	the	Ixodidae	(Dautel	and	Kahl,	1999;	Hartelt	et	al.,	2008;	Kiffner	et	
al.,	 2011;	 Obiegala	 et	 al.,	 2014;	 Rubel	 et	 al.,	 2014).	 The	 most	 peculiar	 distinguishing	
feature	of	this	family	is	the	scutum,	a	shield-like	cuticula	formation	on	their	back,	which	















These	 species	 are	 the	 major	 vectors	 of	 tick-borne	 pathogens	 (TBPs)	 of	 medical	 and	
veterinary	 importance	 in	 temperate	 areas	 of	 the	 Nearctic	 and	 Palearctic	 and	 the	
predominant	global	vectors	of	Lyme	disease	(Piesman,	1989;	Filippova,	1990;	Diuk-Wasser	
et	al.,	2016).	




















mobile	 larva,	 nymph	 and	 adults	 comprising	 female	 and	 male	 (Figure	 1-4).	 The	 larve,	





leaf	 litter	 layer	 (Figure	1-6).	While	an	 I.	 ricinus	 female	typically	 lays	between	1000	and	
2500	eggs	(Balashov,	1972),	egg	clutch	size	for	Dermacentor	spp.	can	reach	over	5000	eggs	




















Humans	 can	 serve	 as	 a	 blood-meal	 source	 of	 every	 developmental	 stage	 of	 I.	 ricinus	
(Figure	1-6)	and	have	also	been	found	to	be	infested	by	Dermacentor	spp.	(Estrada-Peña	
and	 Jongejan,	 1999).	 Such	 data	 is,	 however,	 largely	 absent	 for	 I.	 acuminatus	 and	 I.	
trianguliceps	 (Bown	et	 al.,	 2008).	The	 infestation	 of	 humans,	 however,	 is	 regarded	 as	
“ecological	trap”	for	ticks,	as	it	is	usually	accompanied	by	the	death	of	the	respective	tick,	






life	cycle	 is	heteroxenous,	which	means	 that	 the	different	 life	 stages	 feed	on	different	
species	 or	 groups	 of	 hosts:	 larvae	 typically	 infest	 small	 mammal	 hosts	 (Tälleklint	 and	
Figure	1-6:	Typical	three-host	life	cycle	of	Ixodidae,	under	reference	to	I.	ricinus.	Humans	can	serve	as	potential	host	
of	every	instar.	





large	 mammals	 (Karbowiak,	 2014),	 larvae	 and	 nymphs	 seem	 predominantly	 to	 be	
associated	with	small	mammals	like	rodents	and	insectivores	and	are	probably	endophilic,	
living	 closely	 associated	 with	 small	 mammals	 in	 their	 burrows	 (Liebisch	 and	 Rahman,	
1976;	Hillyard,	1996;	Pfäffle	et	al.,	2015a).	The	remaining	two	tick	species	known	to	infest	
small	mammals	 in	 BW,	 I.	 acuminatus	 and	 I.	 trianguliceps,	 are	 endophilic,	 living	 in	 the	




















due	 to	 their	 comparatively	 larger	 tolerance	 for	water	 loss,	 but	 also	 depending	 on	 the	






























these	 (semi-)	 endophilic	 species,	 I.	 ricinus	 spends	 about	 99%	 of	 its	 entire	 life	 off-host	
(Randolph,	 2013).	 Being	 exposed	 to	 the	 environment,	 the	 development	 and	 the	
phenology	of	I.	ricinus	depends	largely	on	environmental	conditions	(Estrada-Peña	et	al.,	
2013).	













I.	 ricinus	 needs	 a	 threshold	 temperature	 above	 5-7°C	 to	 become	 active	 in	 spring	 and	
requires	a	high	humidity	above	85%	that	prevents	water	loss	(Dautel	and	Kahl,	1999;	Süss	











in	 the	 tick	 population,	 leading	 to	 a	 shortened	 duration	 of	 the	 questing	 period	 and	
potential	increase	of	tick	mortality	(Gern,	2009).	
Steep	 increases	 in	 saturation	 deficit	 (calculated	 from	 temperature	 and	 humidity	 to	
describe	the	water	deficit	 in	the	atmosphere)	have	been	shown	to	 lead	to	a	decline	 in	













1946;	 Kahl,	 1989).	 Their	 seasonal	 activity	 is	 assumed	 to	 be	 largely	 restricted	 to	 the	
summer	 months,	 exhibiting	 an	 either	 unimodal	 or	 bimodal	 peak	 of	 abundance	
(Kurtenbach	et	al.,	2006;	Dobson	et	al.,	2011;	Egyed	et	al.,	2012;	Randolph,	2013).	The	
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A form of frequency-
dependent polymorphism 
in which different genotypes 
of a species display different 
fitness in different niches. 
In the case of pathogens, 
different niches can 
correspond to different host 
populations or species. 
A stable polymorphism can 
evolve more easily if there is 
habitat selection.
Host specialism
Generalist pathogens use a 
range of phylogenetically 
distant hosts, whereas 
specialist pathogens infect or 
infest only one or a few more 
closely related host species. 
Even very closely related 
pathogens can display 
substantially different levels 
of host specialism.
Ecotypes
An ecotype comprises 
organisms that share the 
same ecological niche.
Phenology
The seasonal cycle of 
development and activity of 
the different developmental 
stages of ticks.
Epizootic spread
The animal equivalent of 
epidemic spread of 
pathogens among humans.
into tick habitats, this rise has a substantial biological 
component; that is, there has been epizootic spread of 
the bacterial populations8,30,34,39,40. Two factors have 
facilitated the spread of the bacteria in this region; first, 
the increasing population size and geographical range 
of I. scapularis ticks, which is believed to be driven by 
restored woodlands and growing populations of deer, an 
important reproductive host of ticks34,39–41; and second, 
the ability of B. burgdorferi s.s. as a generalist to infect a 
wide range of phylogenetically distant vertebrate hosts, 
including mammalian and avian species25,28. It is likely 
that any further expansion of the range of I. scapularis 
ticks, and therefore of Lyme borreliosis, will ultimately 
be restricted by climate and perhaps also by photope-
riod30. This is supported by the fact that the current 
range of white-tailed deer is much larger than that of 
I. scapularis, covering much of North America and parts 
of central America.
Continental Europe. At least three of the seven recorded 
species of B. burgdorferi s.l. found in continental Europe 
cause disease in humans, of which B. afzelii and B. garinii 
are the most abundant species23,24,32 (FIG. 1). The broad 
temporal pattern of the incidence of Lyme borreliosis in 
Europe seems to be more stable than in the northeastern 
United States, possibly owing to the reasons discussed in 
the following section, although local temporal fluctua-
tions in the infection prevalence of the bacteria in ticks 
have been recorded42. Another recent study has detected a 
high focal prevalence of B. garinii outer surface protein A 
(OspA) serotype 4, a recently evolved, hyperinvasive 
and aggressive genotype43. It is therefore possible that 
we are currently witnessing the onset of an epizootic 
spread of this novel genotype across Eurasia.
Unlike in the northeastern United States, in Europe, 
most species or even subtypes of B. burgdorferi s.l. are 
specialized to infect different groups of vertebrates23,24. 
For example, OspA serotype 2 of B. afzelii and OspA 
serotype 4 of B. garinii are associated with rodents and 
some insectivore species26,32,44, whereas Borrelia val-
aisiana and OspA serotypes 3 and 5–8 of B. garinii are 
maintained by terrestrial birds and seabird species24,27,32. 
The specialism of the European B. burgdorferi s.l. strains 
limits transmission between different host species, which 
probably stabilizes the abundance patterns of the different 
B. burgdorferi s.l. strains.
Box 1 | R0 and the host-seeking phenology of ticks
The basic reproduction number, R
0
, must be >1 for pathogens 
to survive in host populations64. Many variables in the 
equation below, which was developed for tick-borne 
pathogens33, are affected by biotic factors and extrinsic, 
abiotic factors (in particular, temperature and relative 
humidity) that affect the tick and host populations33,90–93,98. 
The extrinsic incubation period, n, is a particularly important 
parameter because it is a power variable. A shorter extrinsic 
incubation period and increased tick abundance, both of 
which are sensitive to climate90, positively affect R
0
. The 
transmission coefficient, β, and the daily rate of loss of 
infectivity, r, in hosts vary with Borrelia burgdorferi sensu lato 
(s.l.) strain and host population. Cross immunity among 
strains, for example, would reduce β and, at the same time, 
increase r for a specific spirochaete strain, thereby reducing 
R
0
 (FIG. 2). 
As shown in the figure, the different developmental stages 
of Ixodes scapularis in the northeastern United States are 
active at different times of the year. Asynchrony of nymphs 
and larvae seems to select for long-lived spirochaete strains. 
In Europe, all stages of Ixodes ricinus are active for a longer 
period than the developmental stages of I. scapularis in 
North America, a feature that also favours persistent strains 
of B. burgdorferi s.l., despite synchronous activity patterns of 
the tick stages. In Ireland and, perhaps much of England, 
nymphs, the principal vector stage of I. ricinus, seem to 
display different host-seeking behaviour. Experimental work 
and ecological field studies indicate that they might quest 
higher in the herbage than their continental 
counterparts47,92. This could explain why small rodents are 
rarely infested with nymphs of I. ricinus in the British Isles, 
and also why Borrelia afzelii, a rodent-associated species, 
seems to be relatively rare. These examples illustrate how 
climatic forces can shape the population structures of 
pathogens by affecting their vectors. The y-axis in the 
figure shows the relative host-seeking activity for each 
developmental stage on an arbitrary scale and does not 
give information about the absolute abundance of the ticks.
N/H, ratio of vectors to hosts; ƒ, probability of tick feeding on 






, product of the three transmission 
coefficients; p, vector’s daily survival probability; n, extrinsic 
incubation period; pn, interstadial survival rate; F, vector’s 
reproduction rate; r, daily rate of loss of infectivity in the 
host; h, host’s daily mortality rate. All variables, except F and 
r, are known to be affected by climate. 
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Figure	1-7:	Schematic	of	the	seasonal	phenology	of	the	instars	(larvae,	nymphs,	adults)	of	I.	ricinus	shown	for	Central	
Europe,	northern	England	and	Scotland.	(Kurt nbach	et	al.	2006)	
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The	tick	of	highest	medical	 importance	 is	 I.	 ricinus	due	to	 its	widespread	and	frequent	
abundance	throughout	Central	Europe,	its	importance	as	the	confirmed	vector	of	a	variety	
of	TBPs	and	its	capability	to	infest	humans	(Parola	and	Raoult,	2001a;	Estrada-Peña	et	al.,	
2005;	 Schwarz	 et	 al.,	 2009;	 Reye	 et	 al.,	 2010;	 Schorn	 et	 al.,	 2011;	 Randolph,	 2013).	
Dermacentor	spp.	are	likely	to	play	a	role	for	human	as	well	as	animal	health,	being	known	










in	 Europe	 affecting	 humans,	 companion	 animals	 and	 livestock,	 as	 well	 as	 B.	 microti	
(Randolph,	1991,	1995;	Bown	et	al.,	2008;	Turner	et	al.,	2014).	Data	confirming	the	vector	
role	of	 I.	acuminatus	 in	the	transmission	of	TBPs	 is	not	available.	This	species	has	only	








preferences	 and	 host	 association,	 the	 individual	 species	 are	 likely	 to	 contribute	 in	 a	
different	way	and	to	a	different	extent	to	the	epidemiological	cycles	of	TBPs	in	BW.	Even	
though	Dermacentor	 spp.,	 I.	 acuminatus	 and	 I.	 trianguliceps	 might	 occasionally	 infest	
humans	 (Hillyard,	 1996;	 Estrada-Peña	and	 Jongejan,	1999)	 this	 is	 a	 comparatively	 rare	
event	 and	 is	 unlikely	 to	 play	 a	 major	 role	 in	 the	 direct	 transmission	 of	 TBD	 agents.	

























A	 central	 characteristic	 of	 TBPs	 is	 their	 highly	 complex	 eco-epidemiology,	 which	 is	
influenced	by	a	variety	of	different	vector-	and	host-dependend	factors	in	a	spatially	and	
temporally	 variable	 environment	 (Talleklint-Eisen	 and	 Lane,	 2000;	 Brown	 et	 al.,	 2001;	
Rosà	et	 al.,	 2003;	 Hartemink	et	 al.,	 2008;	 Perez	et	 al.,	 2016).	 These	 include,	 amongst	




large	 number	 of	 components	 that	 are	 potentially	 involved	 in	 shaping	 the	 tick-host-
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pathogen	system,	this	complexity	allows	for	large	scale	variations	in	the	relative	impact	
and	 relevance	 of	 individual	 factors	 within	 a	 changing	 environment	 and	 makes	 their	
examination	a	potentially	challenging	task.	






























































































































Ixodes	spp.	 Rodents	 Febrile	illness	 (Obiegala	et	al.,	2014;	
Andréasson	et	al.,	2015;	
Silaghi	et	al.,	2016)	
Table	 1:	 Overview	 of	 the	 tick-borne	 pathogens	 (in	 alphabetical	 order)	 that	 have	 been	 detected	 in	 Baden-
Württemberg	and	are	transmitted	by	the	Ixodidae.	Viruses	are	listed	at	first,	then	bacteria	and	finally	protozoan	
parasites.	CNS:	Central	nervous	system,	meningitis:	inflammation	of	the	brain	envelope,	encephalitis:	inflammation	
of	 the	 brain,	 myelitis:	 inflammation	 of	 the	 spinal	 chord,	 leukopenia:	 leukocyte	 deficiency,	 erythema	 migrans:	
migrating	rash.	(Modified	after	Petney	et	al.	2013)	





























































































by	 which	 these	 pathogens	 circulate	 between	 ticks	 and	 hosts	 further	 adds	 to	 the	
complexity	and	variability	of	tick-bone	disease	systems	(Sonenshine	and	Mather,	1994):	
• Horizontal	 transmission	 describes	 the	 direct	 or	 indirect	 infection	 of	 a	 tick	 by	
another	tick.	This	can	be	facilitated	via	the	infection	of	a	naïve	reservoir	host	by	an	
infected	tick	on	which	a	 tick	 feeding	subsequently	can	acquire	 infection	 (Figure	
1-8)	 (Randolph	et	al.,	1999;	Nuttall	et	al.,	2000).	Another	way	 is	 the	passage	of	
infection	via	co-feeding.	 It	 facilitates	 transmission	between	two	ticks	 feeding	 in	
close	proximity	on	the	same	host	via	the	passage	of	pathogen-infected	tick	saliva,	





history	 stages	 of	 ticks	 (Figure	 1-8):	 the	 pathogen	 can	 either	 be	 propagated	
transstadially,	from	one	molting	stadium	to	the	next,	ensuring	the	preservation	of	
infection	throughout	the	tick’s	life	span	(Bonnet	et	al.,	2007;	Jahfari	et	al.,	2012).	
Alternatively,	 the	 pathogen	 can	 be	 passed	 on	 transovarially	 from	 the	 infected	
mother	tick	to	her	offspring,	leading	to	larvae	that	are	infected.	The	transmission	




































Eastern	 subtype	 (Dobler,	 1998;	 Süss,	 2003).	 Tick-borne	 encephalitis	 (TBE),	 the	 disease	
caused	by	an	infection	with	TBE-V,	is	the	most	abundant	and	significant	athropod-borne	
disease	of	viral	origin	in	Europe	(Oehme	et	al.,	2002;	Süss	et	al.,	2004b).		
Infection	 is	 often	 inapparent,	 however,	 if	 the	 disease	 breaks	 out,	 the	 clinical	
manifestations	of	infection	include	inflammation	of	the	central	nervous	system	including	
the	meninges,	the	brain	or	the	spinal	marrow	(Bröker	and	Gniel,	2003).	The	epidemiology	
of	 TBE	 is	 closely	 related	 to	 the	 ecology	 and	 biology	 of	 its	 ixodid	 tick	 vectors	 and	 its	
endemiological	cycle	is	maintained	by	infected	ticks	and	their	wild	vertebrate	hosts	within	
narrowly	defined,	forested	foci	(Donoso-Mantke	et	al.,	2011).	A	natural	focus	describes	















al.,	 1967;	 Süss,	 2003),	with	 rodents	 as	well	 as	 insectivores	 being	 able	 to	maintain	 the	
pathogen	over	winter	 (Donoso-Mantke	et	al.,	 2011).	The	 fluctuation	 in	 transmission	 is	
therefore	closely	related	to	the	dynamics	of	the	reservoir	host	populations	and	-	while	it	
is	not	clear	which	role	birds	play	in	the	epidemiology	of	TBE	-	they	are,	together	with	larger	














TBD	 in	 the	Northern	Hemisphere	 (Alpers	et	 al.,	 2004;	 Stanek,	 2005;	 Poggensee	et	 al.,	
2008).	Lyme	disease,	or	Lyme	borreliosis,	is	a	multi-systemic	disease	which	can	affect	the	
skin,	 heart,	 nervous	 system,	 muscles	 and	 the	 skeleton,	 and	 can	 present	 a	 variety	 of	
different	symptoms	and	disease	patterns	(Stanek,	2005;	Strle	and	Stanek,	2009;	Krause	








Lyme	 disease	 in	 humans	 in	 Germany	 (Stanek	 and	 Reiter,	 2011;	 Franke	 et	 al.,	 2013),	
including	B.	afzelii,	B.	burgdorferi	s.s.,	B.	garinii,	B.	spielmanii	and	B.	bavariensis,	with	the	






















and	seems	not	to	be	host	specific	as	 it	 is	 found	 in	both	bird	and	rodent-enzootic	cycle	
(Kurtenbach	et	al.,	2006;	Gern,	2008;	Strle	and	Stanek,	2009).	This	shows	that	it	is	most	

















inflammatory	 syndromes	 like	 relapsing	 fever	 and	 its	 pathogenicity	 is	 predominantly	
expressed	in	immunocomprimized	patients	(Jahfari	et	al.,	2012;	Andréasson	et	al.,	2015;	
Silaghi	 et	 al.,	 2016).	 However,	 unspecific	 symptoms	 involved	 in	 the	 clinical	 picture	 of	
infection	(fever,	cough,	anaemia,	headache),	particularly	in	the	absence	of	any	serological	
tests,	 make	 the	 diagnosis	 of	 CNM-associated	 disease	 difficult	 (Vayssier-Taussat	 et	 al.,	









macrophages	 (Walker	 and	 Ismail,	 2008).	 They	 are	 associated	 with	 blood-feeding	
arthropods	and	can	be	transmitted	to	vertebrates	via	saliva,	 feces,	blood	and	aerosols	
(Hartelt	et	al.,	2004;	Parola	et	al.,	2013).	The	genus	Rickettsia	is	classically	subdivided	into	
three	 groups:	 the	 spotted	 fever	 group	 (SFG)	with	more	 than	 20	 different	 species,	 the	
typhus	group	(TG,	R.	prowazekii,	R.	typhi)	and	the	scrub	typhus	group	(STG,	R.	canadensis,	
R.	bellii)	(Fournier	and	Raoult,	2009).	The	presence	of	six	different	Rickettsia	species	with	










(Bouyer	et	al.,	 2001;	Dobler	and	Wölfel,	 2009).	 The	 role	of	mammals	as	 reservoirs	 for	
different	Rspp	has	not	been	clearly	defined	(Parola	and	Raoult,	2001a),	as	is	the	influence	
of	birds	and	reptiles	on	the	developmental	cycle.	However,	 it	has	been	suggested	that	
birds	 play,	 as	 for	A.	 phagocytophilum	 and	Babesia	 spp.,	 an	 important	 role	 in	 the	 the	
distribution	of	these	bacteria	(Tijsse-Klasen	et	al.,	2010;	Franke	et	al.,	2010b;	Movila	et	al.,	
2011;	Václav	et	al.,	 2011;	Hildebrandt	et	al.,	 2011).	 Ticks	 can	act	as	 vectors	as	well	 as	
reservoirs	of	Rickettsia	and	the	pathogen	can	be	transmitted	transovarially,	transstadially,	
via	 co-feeding	 and	 transplacently	 in	mammals	 (Socolovschi	et	 al.,	 2009;	Biernat	et	 al.,	
2016).	To	date,	data	on	rickettsial	occurrence	and	prevalence	in	Germany	are	rare	(Dobler	





The	 protozoans	 of	 the	 genus	 Babesia	 are	 haemoparasites	 that	 invade	 vertebrate	
eukaryotes	(Krause,	2002).	Clinical	manifestations	in	human	Babesia	infections	(Table	1)	
are	 typically	 related	 to	 Babesia	 divergens	 or	 Babesia	 microti	 (Herwaldt	 et	 al.,	 2003)	
infections	 in	 immunocomprimizd	 patients.	 Canine	 babesiosis,	 caused	 by	Babesia	 canis	
(Table	 1),	 is	 a	 widely	 distributed	 disease	 of	 dogs	 that	 causes	 malaria-like	 symptoms	
including	anemia	and	jaundice,	and	has	a	high	rate	of	lethality	if	untreated	(Barutzki	et	al.,	
2007).	
To	fulfill	 their	 life	cycle,	Babesia	need	both	a	vertebrate	and	an	 invertebrate	host.	The	
invertebrate	 host	 is	 always	 an	 ixodid	 tick	 (Homer	 et	 al.,	 2000).	 All	medically	 relevant	
Babesia	species	in	Germany	are	transmitted	by	ticks	of	the	genera	Ixodes	or	Dermacentor	
(Uilenberg,	2006;	Hunfeld	et	al.,	2008).	Besides	rodents,	birds	can	act	as	vertebrate	hosts	
for	Babesia	 spp.	 (Süss	et	al.,	 2004a).	As	 the	human	pathogenic	Babesia	divergens	and	
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Babesia	sp.	EU1	both	can	be	transmitted	transovarially,	ticks	not	only	only	serve	as	vectors	
in	 the	 transmission	 of	 the	 pathogens,	 but	 also	 as	 reservoirs	 for	 the	 amplification	 and	
maintenance	of	their	life	cycles	(Bonnet	et	al.,	2007,	2009).	In	contrast,	Babesia	microti	is	









have	 been	 known	 as	 source	 of	 human	 disease	 since	 their	 involvement	 in	 the	 plague	
epidemic	in	medieval	times.	To	date,	the	threat	they	pose	to	public	health,	with	respect	
to	 vector-borne	 diseases,	 emerges	 from	 their	 putative	 role	 as	 keystone	 hosts	 in	 the	
transmission	of	a	variety	of	TBPs	like	Lyme	disease,	based	on	long-term	studies	from	the	
Northeastern	US.	
However,	 comprehensive	 long-term	 data	 on	 factors	 influencing	 tick	 burdens	 on	 small	










et	 al.,	 1995;	 Tälleklint	 and	 Jaenson,	 1997;	 Randolph	 et	 al.,	 1999;	 Gray	 et	 al.,	 1999;	
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in	the	Eastern	US	and	closely	related	to	I.	ricinus,	and	the	rodent	Peromyscus	 leucopus,	




Borrelia	 prevalence	 in	 the	 northeast	 of	 North	 America.	 They	 postulate	 that	 acorn	
production	strongly	influences	rodent	abundance	in	the	following	season,	which	increases	






Borrelia-framework”	 has	 already	 been	 critizised	 in	 the	 past,	 suggesting	 the	 increasing	
importance	of	(micro-)	climatic	influences	if	narrowly	defined	ranges	of	these	conditions	











As	 described	 in	 the	 previous	 sections,	 the	 tick-host-pathogen-system	 is	 based	 on	 a	
complex	network	of	interactions	and,	to	date,	no	clear	pattern	has	emerged	on	the	factors	










tick”	 (II)	 and	 “Pathogen”	 (III)	 indicate	 the	 three	main	 components	 and	 their	 order	 of	 examination	 in	 the	 thesis,	
including	 individual	 points	 of	 focus	 in	 each	 circle.	 The	 light-green	 ellipse	 comprises	 the	 abiotic	 and	 biotic	
environmental	factors	of	interest	in	the	study.	Modified	after	Lindgren	(1998),	Ecological	Modelling	110:55-63.	
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widespread	and	medically	 important	tick	species,	 I.	ricinus,	 in	 its	preferred	habitat,	the	
forest.	





My	 second	 objective	 was	 to	 examine	 the	 influence	 of	 small	 mammal	 hosts	 and	







My	 third	 objective	 was	 to	 identify	 how	 tick-host	 interactions	 influence	 the	 presence,	
prevalence	and	dynamics	of	 tick	borne	pathogens	 (III	 in	Figure	1-10).	The	focus	of	 this	
chapter	 lies	 on	 the	more	 commonly	 detected	 pathogens,	Rspp	 and	Bbsl	 and	 tends	 to	























the	 city	 of	 Linkenheim	 within	 the	 borders	 of	 the	
Rheinniederungskanal	 (east)	and	the	river	Rhine	(west)	







Auwald	 is	 an	 area	 under	 protection	 status	 according	 to	 the	Natura	 2000	 protocol,	 a	
European	Union	(EU)	wide	network	of	nature	reserves	for	the	conservation	of	endangered	




The	 Hardtwald	 study	 site	 is	 located	
between	the	towns	of	Friedrichstal	and	
Graben-Neudorf	(coordinates,	see	Table	
2-1),	 delimited	 in	 the	 west	 by	 an	
agricultural	area	and	by	a	railway	line	in	
the	 east	 (Figure	 2-3).	 This	 forest	 is	 an	
especially	 dry	 mixed	 forest	 with	 a	 low	
overall	 plant	 cover,	 built	 on	 inland	
dunes,	 acidic	 soil	 and	 drift	 sand	





Figure	 2-2:	 Auwald	 alluvial	 forest	 in	








the	 town	 of	 Untergrombach,	 between	 the	
cities	 of	 Weingarten	 and	 Bruchsal	
(coordinates	 Table	 2-1).	 Just	 like	 the	
previously	described	forest	sites	Auwald	and	
Hardtwald,	the	Michaelsberg	sampling	site	is	
located	 within	 a	 protected	 nature	 reserve	
area	 (http://themenpark-umwelt.baden-
wuerttemberg.de/servlet/is/10768/?path=7160;7111;).	 The	 soil	 at	 Michaelsberg	 is	




























111	m	 117	m	 253	m	 610	m	
Forest	type		 Alluvial	forest	 Mixed	forest	 Beech	forest	 Mixed	forest	
Deciduous:	
Coniferous	























Soil	humidity	 Medium	humid	 Dry	 Medium	dry	 Medium	dry		
Soil	
properties/type	
clay	 sand	(acidic)	 loess	 rankers	
Figure	 2-4:	 Michaelsberg	 in	 August	 2013.	 Thick	 leaf	
litter	 layer	 and	 dead	 wood	 on	 the	 ground,	 Common	
Beech	 (Fagus	 sylvatica)	 trees	 and	 saplings	 (Nina	
Littwin)	
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Schwarzwald	
This	 forest	 is	 located	 in	 the	
Gaistal	 (Table	 2-1),	 a	 part	 of	





study.	 The	 soil	 type	 here	 is	
rankers,	a	shallow	soil	built	on	
solid,	 lime-deficient	 rock	and	
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trapping	 (see	 Figure	 2-8).	 In	 each	 grid	 patch,	 25	
consecutively	numbered	bamboo	sticks	were	placed	at	
10	m	 intervals	 (see	 Figure	 2-7).	 The	 locations	 for	 the	
three	grids	at	each	site	have	been	chosen	according	to	








Dots	 indicate	 bamboo	 sticks	 with	
numbers	from	1-25	(Patch	1),	26-50	(Patch	
2)	and	51-75	(Patch	3)	respectively	











mortality	 of	 the	 small	 mammals.	 Therefore,	 no	 trapping	 sessions	 took	 place	 from	















reduce	 trap-related	 stress,	 traps	 were	 provided	












were	 then	 examined	 for	 ticks	 (see	
section	“Small	mammal	hosts”)	and	
it	was	checked	whether	or	not	 they	
had	 been	 captured	 before.	 Newly	
captured	 rodents	 were	 individually	
marked	 by	 tattooing	 a	 unique,	
continuous	number	(ID)	on	their	toe	
pads.	 This	 was	 realized	 using	 the	
Micro	 Tattoo	 System	 (Fine	 Science	
Tools,	 Heidelberg)	 together	 with	














Drogheda,	 Ireland)	 for	 juvenile	 individuals	and	 for	 shrews,	 respectively.	 For	 reasons	of	
applicability	due	to	their	comparably	small	size,	shrews	were	marked	on	their	tail	instead	
of	their	toes	using	a	combination	of	one	to	two	colors	and	one	to	five	dots	to	give	them	









of	 age	 in	 shrews	 (Sorex	 araneus	 and	 S.	 minutus),	 the	 information	 given	 in	 Braun	 &	
Dieterlen	(2005)	has	been	used	as	reference	to	determine	individuals	as	adult	or	not.		
	 A.	flavicollis		 M.	glareolus		 S.	araneus		 S.	minutus		
juvenile	 <	20	g		 <	15	g		 ---		 ---		
subadult	 20	-	30	g		 15	–	19.5	g		 ---		 ---		

















The	 tick	 samples	were	 then	 stored	 for	a	minimum	of	 three	days	at	 -20°C	until	 further	




Flagging	 is	 a	 well-established	 and	
widely	 used	 method	 for	 the	
collection	of	ticks	 from	vegetation	










Bioform,	 Nürnberg)	 and	 transferred	 to	 a	 reaction	 tube	 (Reagiergefäß	 1.5	ml,	 Sarsted,	
Nürnbrecht).	This	procedure	was	repeated	ten	times	in	total,	covering	different	heights	of	
vegetation.	If	possible,	two	samples	were	taken	across	high	vegetation	(>30	cm	above	the	
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2.0ml,	Roth,	Karlsruhe).	Ticks	collected	from	small	mammals	were	determined	separately	
per	 host	 individual	 per	 site	 and	 session	 and	 subdivided	 by	 developmental	 stage	 and	












Hamburg)	 containing	 aliquots	 of	 400	 µl	MEM	 Earle	 (1x)	 cell	 culture	medium	w	 2.2g/l	
NaHCO3,	 w	 stable	 glutamine	 (Biochrom	 AG,	 Berlin)	 and	 three	 steel	 beads	 of	 3mm	 in	
diameter	(VWR,	Bruchsal)	each.	The	tubes	were	then	placed	in	a	vibration	mill	(MM400,	
Retsch,	 Haan)	 and	 homogenized	 at	 30	 Hz	 for	 10	 minutes.	 All	 homogenates	 were	
































• Homogenized	 samples	 were	 centrifuged	 at	 6000	 g	 for	 5	 minutes	 (Mini	 centrifuge	
5415D,	Eppendorf,	Hamburg)	and	pooled	according	to	the	protocol	in	Table	2-4	
• Transfer	 of	 the	 respective	 volume	 (see	 Table	 2-4)	 to	 the	 NucliSense®	 easyMag™	



















Light	 cyclers	 (LC)	1.0	and	1.5	 (Roche,	Mannheim)	and	 the	GeneAmp	PCR	System	9700	
(Applied	Biosystems,	Darmstadt)	have	been	used	 to	analyze	 the	purified	DNA	samples	
























































































































































Initialisation	 5	min	 95	°C	 	
Denaturation	 15	sec	 95	°C	 	
40	cycles	Annealing	 60	sec	 60	°C	







After	 determination	 of	 the	 presence	 of	 Rspp	 DNA	 by	 qrt-PCR	 (see	 previous	 section	


























Initialisation	 180	sec	 95	°C	 	
Denaturation	 10	sec	 98	°C	 	
50	cycles	Annealing	 30	sec	 54	°C	
Elongation	 15	sec	 72	°C	 	
		
The	 final	 elongation	 step	was	performed	 for	 5’	 at	 72°C.	 The	obtained	amplicons	were	
checked	by	a	2%	Agarose	gel	including	Midori	Green	(Nippon	Genetics)	in	1x	Tris-borate-





CLC	Genomics	Workbench	 (Version	8.5.1	 for	Mac	OS	X)	was	used	 for	visualization	and	
editing	of	the	obtained	sequences.	 	Sequences	were	controlled	and	edited	visually	and	
trimmed	automatically	using	the	 in-built	 function	 in	the	CLC	application	(quality	scores	
with	a	limit	of	0.05	and	trimming	using	ambiguous	nucleotides	of	2	residues).	Sequences	
were	then	aligned	and	compared	for	sequence	identity	and	similarity	with	entries	in	the	
GenBank	 database	 using	 NCBI	 BLAST	 (U.	 S.	 National	 Institutes	 of	 Health,	 Bethesda,	
Maryland)	via	the	in-built	function	“BLAST	at	NCBI”	in	the	CLC	Genomics	Workbench.	













Pearson	 #2	 testing	 was	 used	 to	 compare	 expected	 versus	 observed	 frequency	
distributions	of	categorical	variables	based	on	contingency	tables.	The	test	was	applied	to	
assess	if	the	distribution	between	small	mammals	of	different	species,	age	or	gender	at	
the	 four	 sampling	 sites	 and	 between	 the	 three	 years	 of	 sampling	 was	 balanced	 and	
therefore	 stochastically	 independent	 (H0)	 or	 if	 there	 was	 evidence	 to	 reject	 the	 null	
hypothesis	 and	 instead	 accept	 the	 alternative	 hypothesis	 (HA)	 that	 there	 are	 some	
significant	differences	within	the	range	of	a	certain	level	of	probability	(here:	95%).	It	was	
further	used	 to	examine	differences	 in	 tick	 loads	on	hosts	according	 to	 individual	host	
characteristics	 in	 space	 and	 time	 as	 well	 as	 to	 investigate	 differences	 in	 pathogen	































































1999).	Here,	we	 chose	 the	POPAN	 formulation	 (Schwarz	 and	Arnason,	 1996)	of	 the	 JS	
















during	 winter	 (five-month-interval)	 than	
between	 other	 sampling	 occasions	 (one-
month-interval).	 Such	 tests	 were	
performed	 using	 RELEASE	 from	 within	
MARK.		
Given	 the	 results	 of	 the	 goodness-of-fit	






































AW	 AF	 {p(t),phi(.),pent(t)}	 968	 0	 0.99	 1	
AW	 AF	 {p(.),phi(t),pent(t)}	 984	 16	 0.0004	 0.0004	
AW	 AF	 {p(.),phi(.),pent(t)}	 989	 22	 0.00002	 0	
AW	 AF	 {p(t),phi(t),pent(t)}	 993	 25	 0	 0	
AW	 MG	 {p(t),phi(.),	pent(t)}	 1,409	 0	 0.96	 1	
AW	 MG	 {p(.),phi(.),	pent(t)}	 1,416	 7	 0.03	 0.04	
AW	 MG	 {p(t),phi(t),	pent(t)}	 1,418	 9	 0.01	 0.01	
AW	 MG	 {p(.),phi(t),	pent(t)}	 1,423	 14	 0.001	 0.001	
HW	 AF	 {p(t),phi(t),pent(t)}	 553.3	 0	 0.96	 1	
HW	 AF	 {p(.),phi(t),pent(t)}	 561.3	 7.97	 0.02	 0.02	
HW	 AF	 {p(t),phi(.),pent(t)}	 561.68	 8.38	 0.02	 0.02	
HW	 AF	 {p(.),phi(.),pent(t)}	 562.19	 8.89	 0.01	 0.01	
HW	 MG	 {p(t),phi(t),pent(t)}	 335.12	 0	 0.99	 1	
HW	 MG	 {p(.),phi(.),pent(t)}	 344.26	 9.15	 0.01	 0.01	
HW	 MG	 {p(.),phi(t),pent(t)}	 346.19	 11.07	 0.004	 0.004	
HW	 MG	 {p(t),phi(.),pent(t)}	 348.17	 13.06	 0.001	 0.002	
MB	 AF	 {p(.),phi(t),pent(t)}	 839.72	 0	 0.97	 1	
MB	 AF	 {p(t),phi(t),pent(t)}	 846.82	 7.1	 0.03	 0.03	
MB	 AF	 {p(t),phi(.),pent(t)}	 855.58	 15.86	 0.0004	 0.0004	
MB	 AF	 {p(.),phi(.),pent(t)}	 883.33	 43.61	 0	 0	
MB	 MG	 {p(.),phi(.),pent(t)}	 578.86	 0	 0.64	 1	
MB	 MG	 {p(t),phi(.),pent(t)}	 580.03	 1.17	 0.36	 0.56	
MB	 MG	 {p(.),phi(t),pent(t)}	 591.23	 12.36	 0.001	 0.002	
MB	 MG	 {p(t),phi(t),pent(t)}	 604.65	 25.79	 0	 0	
SW	 AF	 {p(t),phi(t),pent(t)}	 453.73	 0	 0.99	 1	
SW	 AF	 {p(t),phi(.),pent(t)}	 474.03	 20.31	 0.00004	 0	
SW	 AF	 {p(.),phi(t),pent(t)}	 483.47	 29.74	 0	 0	
SW	 AF	 {p(.),phi(.),pent(t)}	 509.5	 55.77	 0	 0	
SW	 MG	 {p(t),	phi(t),	pent(t)}	 392.63	 0	 0.98	 1	
SW	 MG	 {p(.),	phi(t),	pent(t)}	 400.74	 8.11	 0.02	 0.02	
SW	 MG	 {p(.),	phi(.),	pent(t)}	 421.41	 28.79	 0	 0	





= 1575 +	35 






relative	 influence	 of	 environmental	 influences	 (habitat	 and	 microclimate)	 on	 the	
abundance/activity	 of	 (a)	 the	 number	 of	 larvae	 on	 small	 mammal	 hosts	 and	 (b)	 the	
number	of	questing	nymphs	at	the	four	investigated	forest	sites.	In	a	second	approach,	
the	relative	influence	of	small	mammal	host	characteristics	and	habitat	on	Bbsl	and	Rspp	












it	 is	possible	 to	account	e.g.	 for	 the	non-linear	nature	of	 the	relationship	between	the	













quantitatively	 measurable	 (Kahl,	 1989;	 Estrada-Peña	 et	 al.,	 2004;	 Ogden	 et	 al.,	 2005;	












host	 and	 I.	 ricinus	 nymphs	 on	 vegetation)	 as	 response	 variable	 and	 the	 respective	
microclimatic	variable	(°C,	RH,	SD)	for	the	three	heights	of	measurement	(soil,	leaf	litter	













Subsequent	 to	 the	 pre-selection	 process	 of	 the	 microclimatic	 variables	 of	 greatest	
importance	towards	tick	load,	a	set	of	variables	associated	with	availability	and	structure	
of	 host	 populations	 were	 further	 incorporated	 as	 predictors.	 Here,	 the	 species,	 age,	
gender,	weight	and	relative	abundance	of	small	mammal	hosts	at	the	four	investigation	
areas	 were	 included.	 The	 abundance	 of	 small	 mammals	 was	 included	 as	 relative	
abundance	estimates	of	A.	flavicollis	and	M.	glareolus	previously	calculated	using	a	Jolly-
Seber	 model	 in	 MARK	 (Capture-Mark-recapture	 (CMR)	 models	 of	 small	 mammal	
abundance).	 Furthermore,	 the	 amount	 of	 culled	 deer	 and	 wild	 boar	 in	 the	 previous	
hunting	seasons	was	incorporated	as	predictors	to	account	for	the	availability	of	hosts	for	
adult	 ticks.	As	 the	number	of	deer	and	wild	boar	 is	of	potential	 influence	on	 the	host	
finding	and	feeding	success	of	tick	females,	it	is	likely	to	have	an	effect	on	the	clutch	size	
and	 therefore	 also	 on	 the	 number	 of	 larvae	 in	 the	 following	 season,	 when	 the	 small	
mammals	have	been	trapped	and	ticks	have	been	collected	from	them.	In	addition	to	that,	
habitat	 related	 factors	 were	 also	 added	 to	 account	 for	 the	 potential	 influence	 of	 the	









All	 these	predictor	 variables	 have	 then	been	used	 to	 set	 up	 a	 second,	 comprehensive	
collinearity	 analysis,	 including	 all	 variables	of	 interest.	 This	was	done	by	 collating	only	
those	variables	with	a	correlation	coefficient	of	r>0.6	and	a	variance	inflating	factor	(VIF)	
<4	(using	the	corvif	function	in	R,	provided	in	the	HighstatLibV6.R	library	by	Alain	Zuur)	in	
the	 same	 model.	 The	 correlation	 coefficient	 R	 thereby	 displays	 the	 strength	 of	 the	
relationship	between	two	variables,	whereas	the	VIF	 indicates	the	extent	to	which	the	
variance	 is	 increased	 due	 to	 collinearity	 among	 variables.	 With	 the	 set	 of	 remaining	
variables,	a	GLM	was	set	up	as	first	approach	to	a	full	model	with	tick	numbers	(number	
of	 I.	 ricinus	 larvae	on	hosts	and	number	of	questing	 I.	 ricinus	nymphs,	 respectively)	as	
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response	variables.	This	was	followed	by	a	stepwise	reduction	of	non-significant	variables	

























ricinus	 as	well	 as	 the	prevalence	of	 the	 respective	pathogens	 in	questing	nymphs	was	
modeled	 as	 binomial	 response	 variable	 (infected	 versus	 uninfected).	 The	 predictors	
applied	to	assess	their	influence	on	larval	and	nymphal	prevalence	was	the	same	used	in	
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3 	RESULTS	




of	 differential	 methods	 of	 tick	 sampling.	 At	 every	 step	 of	 the	 way,	 I	 will	 reveal	 the	
tremendous	 variability	 and	 complexity	 of	 the	 tick-host-pathogen	 system	 in	 time	 and	
space.	 I	 will	 present	 a	 comprehensive	 approach	 that	 models	 tick	 loads	 based	 on	 the	












According	 to	 the	 dominance	 index	 by	 Engelmann	 (1978),	 these	 two	 rodent	 species	
represent	the	primary	species	at	all	sites,	ranging	between	the	two	categories	of	highest	
abundance,	 namely	 dominant	 (10%	 -	31.99%	 of	 all	 individuals	 in	 the	 community)	 and	
eudominant	 (32%	 -	 100%	 of	 all	 individuals)	 (see	 Table	 3-1).	 Besides	 these	 two	 highly	
abundant	species,	individuals	of	the	common	shrew	Sorex	araneus	and	the	pygmy	shrew	
Sorex	minutus	were	captured	to	a	lesser	extent	(S.	araneus:	0.3	-	10.5%,	S.	minutus:	0%	-	
6%)	at	 all	 four	 sites.	 In	 addition,	 four	 individuals	 at	HW	were	 identified	as	wood	mice	
(Apodemus	sylvaticus,	0.6%	-	1.2%)	and	two	individuals	of	the	field	vole	M.	agrestis	(0.6%)	
were	 trapped	 in	AW	 in	2012	 (see	Table	3-1).	The	 latter	 four	species	are	considered	as	












3-1).	 At	AW,	 the	number	 of	Af	 and	Mg	was	 almost	 equal,	with	 150	 individuals	 of	 the	









		 A.	flavicollis	 A.	sylvaticus	M.	agrestis	 M.	glareolus	 S.	araneus	 S.	minutus	 Σ	
2012	 626	 (53.3%)	 3	 (0.3%)	 2	 (0.2%)	 499	 (42.5%)	 24	 (2.0%)	 20	(1.7%)	 1174	
AW	 150	 (47.3%)	 0	 (0.0%)	 2	 (0.6%)	 155	 (48.9%)	 8	 (2.5%)	 2	 (0.6%)	 317	
HW	 164	 (63.8%)	 3	 (1.2%)	 0	 (0.0%)	 77	 (30.0%)	 4	 (1.6%)	 9	 (3.5%)	 257	
MB	 185	 (63.1%)	 0	 (0.0%)	 0	 (0.0%)	 95	 (32.4%)	 6	 (2.0%)	 7	 (2.4%)	 293	
SW	 127	 (41.1%)	 0	 (0.0%)	 0	 (0.0%)	 172	 (56.0%)	 6	 (2.0%)	 2	 (0.7%)	 307	
2013	 249	 (42.3%)	 0	 (0.0%)	 0	 (0.0%)	 285	 (48.5%)	 42	 (7.1%)	 12	(2.0%)	 588	
AW	 82	 (27.6%)	 0	 (0.0%)	 0	 (0.0%)	 214	 (72.1%)	 1	 (0.3%)	 0	 (0.0%)	 297	
HW	 61	 (70.9%)	 0	 (0.0%)	 0	 (0.0%)	 18	 (20.9%)	 7	 (8.1%)	 0	 (0.0%)	 86	
MB	 69	 (51.9%)	 0	 (0.0%)	 0	 (0.0%)	 42	 (31.6%)	 14	 (10.5%)	8	 (6.0%)	 133	
SW	 37	 (51.4%)	 0	 (0.0%)	 0	 (0.0%)	 11	 (15.3%)	 20	 (27.8%)	4	 (5.6%)	 72	
2014	 623	 (54.3%)	 1	 (0.1%)	 0	 (0.0%)	 460	 (40.1%)	 42	 (3.7%)	 21	(1.8%)	 1147	
AW	 284	 (51.3%)	 0	 (0.0%)	 0	 (0.0%)	 266	 (48.0%)	 3	 (0.5%)	 1	 (0.2%)	 554	
HW	 107	 (59.8%)	 1	 (0.6%)	 0	 (0.0%)	 64	 (35.8%)	 3	 (1.7%)	 4	 (2.2%)	 179	
MB	 152	 (50.7%)	 0	 (0.0%)	 0	 (0.0%)	 117	 (39.0%)	 21	 (7.0%)	 10	(3.3%)	 300	
SW	 80	 (70.2%)	 0	 (0.0%)	 0	 (0.0%)	 13	 (11.4%)	 15	 (13.2%)	6	 (5.3%)	 114	
Σ	 1498	 (51.5%)	 4	 (0.1%)	 2	 (0.1%)	 1244	 (42.8%)	 108	(3.7%)	 53	(1.8%)	 2909	
	




















species,	 accounting	 for	 42.3%	 and	 48.5%	 of	 total	 captures	 at	 all	 sites,	 but	 with	 a	




was	 trapped	 throughout	 the	 season	 at	 AW.	 At	 HW,	 the	 decrease	 in	 small	 mammal	














185	 in	 2012	 down	 to	 only	 69	 individuals	 (Table	 3-1Table	 3-1)	 in	 2013.	Mg	 captures	
decreased	to	a	slightly	 lesser	extent	than	Af,	 from	95	 in	2012	to	42	 in	2013.	Here,	 the	
number	of	both	shrew	species	increased	in	2013:	14	individuals	of	S.	araneus	(10.5%)	have	
been	captured	together	with	a	total	of	eight	individuals	of	the	pygmy	shrew	S.	minutus	














and	 corresponding	 p-values	 are	 shown	 to	 indicate	 significant	 changes	 (p<	 0.05)	 between	 the	 respective	 years.	
Analysis	was	only	 carried	out	 for	A.	 flavicollis	 and	M.	glareolus	 because	 sample	 size	was	 large	enough	 to	obtain	
reliable	results	
	 2012/2013	 2013/2014	 2012/2014	
Af	 χ²		 p	 χ²		 p	 χ²		 p	
AW	 19.9	 <	0.0001	 111.5	 <	0.0001	 41.4	 <	0.0001	
HW	 46.4	 <	0.0001	 12.6	 0.0004	 11.6	 0.0007	
MB	 52.3	 <	0.0001	 30.6	 <	0.0001	 3.3	 0.07	
SW	 49.4	 <	0.0001	 15.7	 <	0.0001	 10.7	 0.001	
Mg	 	 	 	 	 	 	
AW	 9.1	 0.003	 5.9	 0.02	 29.3	 <	0.0001	
HW	 25.3	 <	0.0001	 25.8	 <	0.0001	 1.2	 0.3	
MB	 19.3	 <	0.0001	 35.4	 <	0.0001	 2.7	 0.09	
SW	 141.6	 <	0.0001	 0.2	 0.7	 136.7	 <	0.0001	




to	 the	 588	 captures	 in	 2013.	 All	 four	 sites	 contributed	 to	 this	 pattern,	 as	 the	 overall	
number	of	trapped	small	mammals	increased	at	all	sites	AW,	HW,	MB	and	SW	compared	







marginally	 lower	 than	 in	 2014	 (n=	 8	 S.	 araneus	 and	 n=	 2	 S.	 minutus).	 These	 slight	
fluctuations	did	not	change	the	overall	pattern	of	low	abundance	of	shrews	in	the	traps	

















sampling	 seasons	 in	 2012	 and	 2013,	 but	 again	 with	 some	 fluctuations	 in	 the	 ratio	 of	






total	number	of	 shrews	captured	at	MB	and	 the	 total	number	of	 individuals	per	Sorex	
species	increased	in	2014	(S.	araneus	n=	21,	S.	minutus	n=	10)	compared	to	both	preceding	
seasons,	but	still	 the	relative	proportion	of	shrews	at	MB	in	2014	remained	somewhat	
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increase	 in	 small	mammal	density	 in	 the	 following	month.	 In	 September,	 all	 four	 sites	
showed	a	similar	density	of	small	mammals	per	hectare	ranging	between	104	ind/ha	at	
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ind/ha	at	HW	in	March	2014	to	 less	than	30	 individuals	per	hectare	 in	 June	(HW:	25.0	
ind/ha,	SW:	29.1	ind/ha).	At	AW,	the	first	peak	of	the	season	in	June	2014	was	followed	










a	substantially	 lower	 level	than	at	AW.	A	considerable	drop	 in	small	mammal	numbers	
from	 August	 to	 September	 followed	 the	 second	 peak	 at	 MB	 with	 only	 25.0	 ind/ha	
detectable	in	September.	The	number	of	captures	remained	low	until	the	end	of	sampling	
in	October	2014	(27.0	ind/ha).	At	HW,	small	mammal	abundance	reached	its	first	and	only	
peak	 with	 99.8	 ind/ha	 in	 August	 2014.	 This	 increase	 followed	 a	 decline	 of	 captured	
individuals	towards	the	last	two	months	of	sampling	with	77.0	individuals	per	hectare	in	














abundance	 was	 highest	 in	 2012	 capture	 numbers	 did	 not	 recover	 in	 2014	 after	 the	
population	breakdown	in	2013.	
The	total	number	of	captures	of	both	Sorex	species	and	especially	the	isolated	captures	
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In	 2012,	 the	 overall	 abundance	 of	Af	 at	 AW,	HW	 and	 SW	was	 at	 a	 similar	 level,	with	
different	patterns	between	the	sites.	The	overall	abundance	of	Af	at	MB	exceeded	the	
abundance	 at	 the	 three	 other	 sites	 (Figure	 3-3Figure	 3-2).	 The	 pattern	 of	 relative	
abundance	of	Mg	differed	for	all	the	four	sites	in	2012	by	level	of	overall	abundance	as	
well	as	the	dynamics	in	the	course	of	the	first	sampling	season.	Thus,	for	both	species,	
there	 was	 no	 common	 peak	 in	 abundance	 between	 the	 sites.	 If	 you	 compared	 the	
dynamics	 of	 both	 species	 at	 the	 same	 site,	 there	 were	 some	 similarities	 detectable	
though:	At	AW,	the	overall	estimated	abundance	of	Af	and	Mg	was	similar,	whereas	the	
pattern	 of	 abundance	 differed	 for	 both	 species.	 The	 abundance	 of	Mg	 started	 at	 its	
highest	in	June	2012	with	61.4	individuals	and	slowly	decreased	without	any	peak	to	46.9	
in	October	2012.	Af,	however,	started	with	a	comparably	 low	abundance	 in	 June	2012	







Af	 until	 the	 end	 of	 sampling	 in	 October	 (17.9	 individuals).	 At	 MB	 there	 were	 again	
substantially	more	Af	than	Mg	present	throughout	the	season	of	2012	(Figure	3-2Figure	
3-2).	Here,	 just	as	at	HW,	the	abundance	patterns	of	both	species	were	very	similar	to	
each	 other.	 After	 an	 increase	 in	 abundance	 at	 the	 beginning	 of	 the	 sampling	 season	




2012.	 After	 the	 initial	 estimate	 of	 abundance	 in	 July	 2012,	 a	 steep	 decrease	 in	 small	
mammal	 abundance	 followed,	 and	 then	 numbers	 recovered	 again	 in	 September	 2012	
(Figure	3-3).	The	abundance	of	Mg	decreased	again	considerably	towards	October	of	2012	
(31.0	 individuals)	whereas	 the	 estimated	population	 size	 of	Af	 remained	 rather	 stable	
(Figure	3-3).	At	SW,	as	previously	observed	at	HW	and	MB,	the	overall	abundance	of	both	
species	differed	substantially,	but	 this	 time	 the	estimated	abundance	of	 the	bank	vole	
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MB	and	SW,	but	not	at	AW,	with	 small	mammal	abundance	 increasing	not	before	 the	
second	half	of	the	sampling	season	in	2013	at	these	three	sites.	
At	 AW,	 the	 dynamics	 of	 both	 species	 showed	 a	 similar	 pattern,	 with	 the	 estimated	




slight	 increase	 in	 October	 2013	 from	 an	 estimated	 number	 of	 28.3	 individuals	 in	







of	 both	 species	 were	 very	 similar	 in	 2013	 (Figure	 3-3).	 Both	 species	 did	 not	 show	 a	
substantial	increase	in	abundance	during	the	first	half	of	the	year.	Only	after	July/August	
did	 population	 abundance	 estimates	 start	 to	 increase	 and	 reached	 their	 peak	 in	
September	of	2013	with	37.9	 individuals	of	Af	 and	21.0	 individuals	of	Mg.	At	 SW,	 the	
dynamics	 and	 overall	 abundance	 of	 both	 species	 were	 similar.	 Here,	 both	 species	
remained	at	a	 low	 level	 throughout	 the	year	2013.	Estimates	of	Af	abundance	did	not	
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dynamics	 for	 both	Af	 and	Mg.	 The	 abundance	pattern	of	Af	 showed	 some	 similarities	















by	 50.2	 individuals	 in	 August	 2014.	 The	 abundance	 of	Mg	 did	 not	 show	 a	 peak	 in	
abundance	 for	 the	 first	 half	 of	 2014,	 but	 then	 increased	 up	 to	 25.6	 individuals	 in	
September	 2014.	 At	 MB,	 the	 pattern	 of	 abundance	 of	 both	 species	 was	 very	 similar	
throughout	 the	 sampling	 season	of	 2014,	 but	 not	 the	 level	 of	 abundance.	 The	overall	
estimates	of	 abundance	of	Af	 clearly	exceeded	 those	of	Mg	 (Figure	3-2).	Both	 species	




abundance	 in	 late	 summer	 (Af:	 75.8	 individuals	 in	August,	Mg:	 36.1	 individuals	 in	 July	
2014).	At	SW,	the	abundance	level	and	pattern	of	both	species	were	similar	to	each	other,	
with	 a	 slightly	 larger	 estimated	 population	 size	 for	Af	 compared	 to	Mg	 in	 2014.	 The	
abundance	of	the	bank	vole	remained	at	a	constantly	low	level	throughout	2014.	It	never	












and	 14.7%	 subadult	Mg	 (n=200).	 Juveniles	 made	 up	 the	 smallest	 proportion	 of	 both	




p<0.0001).	 The	 overall	 relative	 number	 of	 subadult	 Af	 at	 the	 sampling	 sites	 ranged	
between	24.7%	(n=	82)	at	HW	and	29.7%	(n=	153)	at	AW,	and	between	4.4%	(MB:	n=18)	













31.34%	 subadult	mice	 at	AW	and	21.31%	 to	26.17%	 subadults	 at	HW.	At	MB	and	 SW	
though,	the	relative		
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(AW:	 n=12)	 bank	 voles	 captured	 as	 juveniles.	 In	 contrast,	 the	 number	 of	 juvenile	Mg	
increased	 to	 a	 total	 of	 5.1%	 (AW:	 n=11)	 up	 to	 9.5%	 (MB:	 n=4).	 Therefore,	 the	 overall	
proportions	of	the	age	structures	at	the	four	investigated	sites	were	similar	between	the	
sites	 and	 between	 the	 years	 but	 with	 some	 differences	 between	 the	 small	 mammal	
species.	
	




evenly	 distributed	 (Figure	 3-4).	 The	 relative	 proportion	 of	Af	 females	 per	 site	 ranged	
between	 41.0%	 (HW)	 and	 49.5%	 (MB)	 and	 between	 50.5%	 (MB)	 to	 59.0%	 (HW)	male	
individuals	 of	 the	 yellow-necked	mouse	 (Table	 3-3).	 In	 comparison,	 the	 proportion	 of	











































These	patterns	were	 further	confirmed	by	a	χ²-test.	The	proportion	of	male	 to	 female	
individuals	of	the	bank	vole	was	not	significantly	different	either	between	the	sites	(χ²=	
1.04,	p=	0.60),	or	between	the	individual	years	of	sampling	(χ²=	0.69,	p=	0.88).		













	 f	(n)	 f	(%)	 m	(n)	 m	(%)	 f	(n)	 f	(%)	 m	(n)	 m	(%)	
AW	 254	 49.22	 262	 50.78	 327	 51.50	 308	 48.50	
2012	 90	 60.00	 60	 40.00	 85	 54.84	 70	 45.16	
2013	 40	 48.78	 42	 51.22	 107	 50.00	 107	 50.00	
2014	 124	 43.66	 160	 56.34	 135	 50.75	 131	 49.25	
HW	 136	 40.96	 196	 59.04	 79	 49.69	 80	 50.31	
2012	 62	 37.80	 102	 62.20	 35	 45.45	 42	 50.31	
2013	 29	 47.54	 32	 52.46	 13	 72.22	 5	 27.78	
2014	 45	 42.06	 62	 57.94	 31	 48.44	 33	 51.56	
MB	 201	 49.51	 205	 50.49	 126	 49.61	 128	 50.39	
2012	 94	 50.81	 91	 49.19	 46	 48.42	 49	 51.58	
2013	 36	 52.17	 33	 47.83	 25	 59.52	 17	 40.48	
2014	 71	 46.71	 81	 53.29	 55	 47.01	 62	 52.99	
SW	 105	 43.03	 139	 56.97	 95	 48.47	 101	 51.53	
2012	 53	 41.73	 74	 58.27	 84	 48.84	 88	 51.16	
2013	 16	 43.24	 21	 56.76	 5	 45.45	 6	 54.55	











where	 the	proportion	of	Mg	 females	 compared	 to	males	was	elevated	with	a	 total	of	
72.2%	 (n=	 13)	 versus	 27.8%	 (n=	 5).	 However,	 the	 overall	 capture	 numbers	 were	
substantially	lower	than	in	the	other	two	years	of	sampling	(Figure	3-4).	In	2012	and	2014,	
males	were	captured	slightly	more	often	than	females,	but	the	ratio	was	very	close	to	1:1	






MB	 in	 2013.	 Overall,	 it	 seemed	 that	 the	 relation	 between	 both	 genders	 was	 more	
balanced	for	Mg	than	it	was	for	Af.		
These	patterns	were	 further	confirmed	by	a	χ²-test.	The	proportion	of	male	 to	 female	
individuals	of	the	bank	vole	seemed	to	be	rather	similar	among	years	and	among	sites.	
Neither	between	the	four	sites	(χ²=	1.04,	p=	0.60),	nor	between	the	individual	years	of	
sampling	 (χ²=	 0.69,	 p=	 0.88)	 was	 there	 any	 significant	 deviation	 of	 the	 bank	 vole	





during	 the	 three	 years	 of	 sampling	 (2012:	 χ²=	 18.06,	 p=	 0.0004)	 and	 that	 there	were	
significant	differences	between	the	relative	amount	of	males	and	females	observable	at	
the	different	sites	(χ²	=10.49,	p=0.0053)	as	well.	







dead	 on	 capture	 (n=	 10)	 were	 not	 examined.	 They	 have	 been	 included	 as	 captured	
individuals	 in	 the	previous	 sections	on	 small	mammal	dynamics	 (Small	mammals),	 but	













2012 2013 2014 2012 2013 2014 2012 2013 2014 2012 2013 2014

































the	ornate	dog	 tick	 (4.6	%	–	 6.1	%).	 It	was	 found	 at	 all	 sites	 except	 SW	and	occurred	
predominantly	 at	 HW	 (Figure	 3-5).	 In	 fact,	 869	 out	 of	 the	 974	D.	 reticulatus	 on	 small	
mammal	 hosts	 (89.2	%)	were	 found	 at	 HW	 (Table	 3-4).	 Additionally,	 rare	 tick	 species	
collected	from	hosts	at	all	 four	sites	during	the	study	were	the	southern	rodent	tick,	 I.	
acuminatus	 (ntotal=	 51,	 0.1%	 –	 0.6%),	 representing	 the	 first	 record	 of	 this	 species	 in	











96.8%	 (n=796)	 at	 SW.	 At	 HW	 the	 relative	 abundance	 of	 I.	 ricinus	 larvae	 was	 lower	
compared	to	the	other	three	sites,	but	still	as	high	as	76.6%	of	all	ticks	collected	in	2012	
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were	 again	 the	 most	 prevalently	 collected	 species	 and	 instar	 on	 host	 individuals,	
accounting	for	83.5%	(n=	1,541)	at	HW	and	up	to	97.2%	(n=	1,626)	at	AW	(Table	3-4).	The	








2012	 2013	 2014	 		
AW	 HW	 MB	 SW	 AW	 HW	 MB	 SW	 AW	 HW	 MB	 SW	 Σ	
D.	reticulatus	
larvae	
2	 171	 8	 0	 0	 61	 0	 0	 60	 109	 20	 0	 431	
D.	reticulatus	
nymphs	
1	 177	 0	 0	 2	 191	 0	 0	 8	 160	 4	 0	 543	
I.	acuminatus	
larvae	
1	 12	 21	 0	 1	 0	 0	 0	 2	 0	 0	 1	 38	
I.	acuminatus	
nymphs	
0	 3	 0	 0	 3	 0	 0	 0	 7	 0	 0	 0	 13	
I.	ricinus	
larvae	 1626	 1250	 1761	 796	 1626	 1541	 1385	 551	 1402	 1843	 2741	 1190	 17712	
I.	ricinus	
nymphs	 10	 11	 1	 4	 39	 50	 76	 19	 24	 23	 23	 25	 305	
I.	ricinus	












0	 0	 0	 1	 0	 0	 0	 6	 0	 0	 0	 0	 7	















2014.	 This	was	 even	 exceeded	 at	 SW	where	 although	 the	overall	 amount	 of	 ticks	 still	
remained	 lower	than	at	the	three	other	sites,	 it	 rocketed	up	from	590	ticks	 in	2013	to	
1,225	 ticks	 in	 2014	 (Table	 3-4),	 which	 represents	 an	 increase	 of	 107.6%.	 The	 most	
prevalent	 species	 and	 instar	 at	 all	 sites	 in	2014	 remained	 the	 larval	 stage	of	 I.	 ricinus,	
accounting	 for	86.2%	 (n=	1,843)	 at	HW	up	 to	98.2%	of	 all	 ticks	 at	MB	 (n=	2,741).	 The	
previously	described	overall	increase	of	tick	numbers	at	HW	was	mainly	facilitated	by	an	










the	overall	 increase	 in	 tick	numbers	at	HW	 in	2014.	Besides,	 there	was	a	considerable	
increase	 in	D.	 reticulatus	 abundance	at	AW	and	MB	 in	2014.	Sixty	 larvae	 (4.0%)	and	8	
nymphs	(0.5%)	of	D.	reticulatus	were	collected	at	AW	and	20	larvae	(0.7%)	with	4	nymphs	




Hence,	 the	 overall	 pattern	 of	 I.	 ricinus	 as	 the	 dominant	 tick	 species,	 followed	 by	 D.	
reticulatus	 and	 the	 isolated	 occurrence	 of	 I.	 acuminatus	 and	 I.	 trianguliceps	 was	
consistently	observable	 throughout	 the	study.	However,	 there	was	also	a	considerable	
amount	of	 variation	between	 sites	 and	between	 years	 in	 terms	of	 the	overall	 level	 of	
abundance	as	well	as	the	dynamic	pattern	of	tick	abundance	in	space	and	time.	





focus	 on	 I.	 ricinus	 as	 it	 is	 also	 known	 to	 be	 of	 major	 human	 and	 veterinary	 medical	
importance	(Jaenson	et	al.,	1994).	Even	though	the	nymphal	stage	of	I.	ricinus	was	not	as	
abundant	 as	 the	 larval	 stage	 (Figure	 3-5)	 during	 the	 study,	 it	 is	 of	 potentially	 great	
importance	in	the	epidemiology	of	TBPs	(Humair	and	Gern,	2000;	Randolph,	2004;	James	





































pattern	 of	mean	 abundance	 of	 the	 nymphal	 stage	 of	 I.	 ricinus	on	 yellow-necked	mice	
































































































































































































































($I,	 a	more	 precise	measure	 of	 tick	 load	 on	 hosts,	 which	 represents	 the	 actual	mean	
number	of	ticks	on	infested	hosts	only)	it	was	clearly	observable	that	yellow-necked	mice	
always	carried	 larger	 tick	 loads	than	voles.	 In	all	 three	years	and	at	all	 sites,	 the	mean	
intensity	of	I.	ricinus	larvae	was	significantly	higher	on	Af	hosts	(Table	3-5,	Mann-Whitney	
U-Test:	pLarvae	<	0.0001).	The	pattern	was	not	as	obvious	for	the	mean	intensity	of	the	less	










For	Mg,	 the	 prevalence,	mean	 abundance	 as	well	 as	 the	mean	 intensity	were	 overall	
comparable	at	AW,	HW	and	MB,	while	they	were	somewhat	lower	at	SW	(Table	3-5).	




and	 lower	at	but	 similar	between	HW	and	SW	 (Table	3-5).	A	 comparison	of	 the	mean	
abundances	 of	 larvae	 on	 Af	 between	 all	 sites	 in	 2012	 (by	 Tukey-Kramer	 Honestly	
significant	 difference	 (HSD)	 Test)	 supported	 this,	 by	 indicating	 clearly	 significant	
differences	between	MB	and	SW	(p=	0.002),	between	AW	and	SW	(p=	0.008),	as	well	as	
lower	significant	differences	between	MB	and	HW	(p=	0.04).	
The	 prevalence	 of	 larval	 infestation	 on	 bank	 voles	was	 very	 similar	 at	 AW	 (69%),	 HW	
(68.8%)	 and	MB	 (73.1%),	 but	 again	 substantially	 lower	 at	 SW	 (47.7%,	 pAW>SW<	0.0001,	
pHW>SW=	0.001,	pMB>SW<	0.0001).	The	mean	abundance	of	 I.	 ricinus	 larvae	on	bank	voles	
showed	the	same	pattern	with	AW,	HW	and	MB	being	comparable	(Tukey-Kramer	HSD	
p>0.05),	 whereas	 these	 three	 sites	 showed	 significant	 differences	 compared	 to	 SW	













and	 nymphal	 infestation	 of	 hosts	 increased	 at	 all	 sites,	 but	 to	 a	 different	 extent.	 The	
distinct	 overall	 increase	of	 tick	 infestation	 at	HW,	MB	and	 SW	was	 accompanied	by	 a	
rather	moderate	increase	at	AW.	The	prevalence	of	Af	carrying	I.	ricinus	larvae	reached	
over	90%	at	all	four	sites.	Prevalence	at	AW	and	MB	remained	at	equivalent	levels	to	2012	
(Fishers-Exact-Test	 p>	 0.05)	 whereas	 the	 proportion	 of	 infested	 yellow-necked	 mice	
increased	 to	 96.7%	 at	 HW	 (Fisher’s	 Exact	 Test	 p2013>2012=	 0.01)	 and	 to	 94.6%	 at	 SW	
(p2013>2012=	 0.04)	 As	 prevalence	 were	 close	 to	 100%,	 the	mean	 abundance	 and	mean	







Kramer	HSD	 test,	 showing	 the	 strongest	 differences	 in	 terms	of	mean	abundance	and	















0.05),	 and	 a	 less	 drastic	 increase	 at	 AW.	 The	 prevalence	 of	 I.	 ricinus	 nymphs	 on	 Af	
increased	by	10.1%	at	AW	(from	4%	in	2012	to	14.6%	in	2013),	while	the	increase	at	the	
three	other	sites	ranged	between	15.4%	(MB)	and	32%	(SW).	The	prevalence	of	nymphal	







were	 intermediate,	 falling	 between	 those	 of	 2012	 and	 2013.	 At	 SW,	 however,	 tick	
burdens,	predominantly	those	on	Af,	reached	even	higher	levels	than	before.	At	AW,	the	
prevalence	of	I.	ricinus	larvae	on	both	host	species	(Af:	79.2%,	Mg:51.1%)	and	of	nymphs	








larvae	 on	 Af	 at	 MB,	 which	 increased	 to	 a	 maximum	 of	 130	 (Table	 3-5).	 At	 SW,	 the	
prevalence	of	larvae	on	hosts	and	of	nymphs	on	Af	in	2014	fell	between	the	prevalence	of	
2012	 and	 2013	 (Fisher’s	 Exact	 Test	 p>	 0.05),	 while	 nymphs	 on	Mg	were	 absent.	 The	
abundance	and	 intensity	of	 larvae	on	Af,	as	well	as	 the	 larval	 range	at	SW,	was	by	 far	


































Figure	3-7:	Seasonal	pattern	of	 the	estimated	abundance	of	 small	mammal	hosts	 (A.	 flavicollis	 and	M.	glareolus)	
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finding	 has	 important	 implications	 for	 the	 transmission	 dynamics	 of	 TBDs	 (discussed	
below).	
Another	 clearly	 distinguishable	 pattern	 at	 all	 sites	 and	 in	 all	 years	 was	 that	 the	main	







However,	 after	 three	 years	 of	 observation,	 there	 was	 no	 distinct,	 continuous	 pattern	
detectable	at	any	of	the	four	sites.	
	
In	 addition	 to	 this	 visual	 representation	 of	 the	
enormous	amount	of	 spatiotemporal	variation,	
a	 generalized	 linear	 model	 (GLM)	 was	 carried	
out	 to	 determine	 the	 influence	 that	 time	
(session),	 space	 (site)	 and	 hosts	 (species)	 can	
have	 on	 the	 abundance	 of	 I.	 ricinus	 larvae	 on	
hosts	 (Table	 3-6).	 Moreover,	 interactions	
between	all	explanatory	variables	were	included	to	assess	their	relative	importance.	The	
resulting	best	fit	model	(GLM	of	the	negative	binomial	family	with	log	link	function)	still	
included	all	 initially	present	predictor	variables	 including	all	 interactions,	which	gives	a	
first	impression	of	their	importance	as	well	as	of	their	interconnectedness	(Table	3-6).	The	














all	 predictor	 variables	 in	 the	 best	 resulting	
model	(GLM)	






























does	 not	 follow	 a	 normal	 (gaussian)	 distribution,	 but	 is	 strongly	 right-skewed	 and	
overdispersed.	This	pattern	is	typical	for	parasitological	data	and	holds	true	for	a	variety	








What	 intrinsic	 factors	could	have	caused	these	differences	 in	 tick	dispersion	on	hosts?	





Mg,	 the	 respective	 data	 was	
pooled	and	revealed	the	overall	
influence	of	gender	on	individual	
I.	 ricinus	 larvae	 burden	 with	 a	
significantly	 higher	 abundance	
of	 larvae	on	male	 individuals	of	
both	 host	 species	 (Mann-
Whitney	 U-test	 p<0.0001	 for	
both	Af	and	Mg).	
The	numbers	of	I.	ricinus	nymphs	
on	 hosts	 were	 substantially	
lower	 than	 those	 of	 larvae,	 but	
at	 all	 sites	 and	 in	 all	 years	 of	
sampling	 the	 abundance	 of	
nymphs	on	hosts,	as	well	as	all	
Figure	3-9:	Infestation	(mean)	of	A.	flavicollis	and	Mg	individuals	with	
I.	 ricinus	 larvae	 according	 to	 host	 gender.	 Data	 was	 pooled	 after	
confirmation	of	rectified	results	for	all	sites	and	years	





























especially	 for	 Mg	 and	 were	 therefore	 not	 likely	 to	 be	 representative	 of	 the	 actual	
relationship	between	age	class	and	tick	burden	(and	therefore	not	shown	in	Figure	3-10).	










The	 overall	 comparison	 of	 all	 age	 groups	 revealed	 a	 significant	 difference	 in	 nymphal	




Figure	3-10:	 I.	 ricinus	 larvae	(mean)	on	A.	flavicollis	and	M.	glareolus	at	AW,	HW,	MB	and	SW	from	2012	to	2014	




























ticks	 and	 a	 few	 hosts	 having	 very	
high	 tick	 burdens,	 can	 be	
characterised	 by	 a	 variance	 that	
exceeds	the	mean	(s2/$	>1).	
In	 the	 present	 study,	 the	 overall	
pattern	 of	 I.	 ricinus	 dispersion	 on	
hosts	showed	a	moderate	to	highly	
aggregated	distribution	(s2/$	>1)	at	
all	 sites	 and	 in	 every	 year	 of	 the	
study	from	2012	to	2014	(Table	3-7).	
Values	were	continuously	higher	for	
Af	 than	 Mg	 (Table	 3-7).	 A	
comparison	 of	 the	 individual	
































Af	 versus	 Mg	 (Table	 3-7).	 	 The	 level	 of	
aggregation	 for	 the	 two	 species	were	 similar	
among	 sites	 in	 2012;	 values	 at	 the	 sites	
reflected	 the	 overall	 mean.	 A	 strong	 overall	
increase	 in	 aggregation	was	observable	 from	
2012	 to	 2013,	 but	 the	 individual	 sites	
contributed	differently	 to	 the	 overallpattern.	
At	 AW,	 aggregation	 levels	 remained	 rather	
stable,	whereas	 the	 increase	 at	 HW	 and	MB	
was	 dramatic.	 The	 low	 measures	 of	






comparison	 of	 aggregation	 levels	 among	 the	 individual	 sites	 showed	 that	 the	 relative	








larvae	 on	 host	 species	 (A.	 flavicollis	 and	 M.	
glareolus)	and	the	ratio	of	aggregation	between	the	
two	species	at	the	sampling	sites	from	2012	to	2014	
	 Af	 Mg	 Af	:	Mg	
2012	 9.3	 2.3	 4.0	
AW	 8.3	 2.9	 2.9	
HW	 9.7	 2	 4.9	
MB	 8.2	 1.7	 4.8	
SW	 11.2	 1.7	 6.6	
2013	 20.7	 5.9	 3.5	
AW	 10.9	 4.6	 2.4	
HW	 21.9	 13.2	 1.7	
MB	 24.4	 4.1	 6.0	
SW	 8.5	 8.2	 1.0	
2014	 22.9	 5.2	 4.4	
AW	 4.6	 4	 1.2	
HW	 17.3	 6.7	 2.6	
MB	 23.4	 4.1	 5.7	
SW	 30.8	 6.4	 4.8	





(Vassallo	et	 al.,	 2000;	Wirtz,	 2001),	 flagging	 allows	 the	monitoring	 and	 analysis	 of	 the	
contribution	of	small	mammal	hosts	to	the	prevalence	and	dynamics	of	TBPs.	
The	peak	height,	as	well	as	the	number	and	timing	of	peak	activity	of	flagged	 I.	 ricinus	
larvae,	differed	clearly	 in	 time	and	space	 (Figure	3-12).	There	were	usually	one	to	 two	
peaks	per	season	at	all	four	sites,	however,	no	larval	activity	was	detectable	at	SW	in	2012	
and	three	peaks	were	observed	at	MB	in	2013.	In	2012,	the	larvae	collected	by	flagging	
showed	 substantial	 differences	 in	 total	 abundance,	 with	 the	 largest	 numbers	 at	 HW	
(n2012=	 200),	 whereas	 there	 were	 substantially	 less	 larvae	 at	 AW	 (n2012=25)	 and	 MB	
(n2012=93)	and	none	at	SW.	There	was	a	spring	peak	observable	at	HW	and	MB,	a	distinct	
autumn	 peak	 observable	 at	 HW	 and	 a	 slight	 increase	 in	 larvae	 collected	 from	 the	






June,	 and	 a	 second	 increase	 between	 August	 and	 October	 at	 all	 four	 sites,	 although	
substantially	different	numbers	of	larvae	were	collected	(Figure	3-12).	Therefore,	neither	
the	overall	period	of	activity,	nor	the	interannual	dynamics	of	larval	activity	with	respect	
to	 the	 overall	 abundance	 or	 the	 time	 of	 larval	 peak	 activity	 on	 vegetation	 showed	 a	






In	 contrast,	 nymphal	 abundance	 on	 vegetation	 showed	 some	 temporal	 fluctuations	
between	 the	 sites	 and	 years	but,	 overall,	 showed	a	 very	 similar	pattern.	 The	 seasonal	
activity	lasted	throughout	the	entire	sampling	season,	from	March	to	October,	with	major	
nymphal	 activity	 observable	 between	 spring	 and	 early	 summer.	 In	 2012,	 the	 overall	
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scientists.	 Here,	 I	 compare	 the	 seasonal	 dynamics	 of	 juvenile	 I.	 ricinus	 questing	 on	






other	 (Figure	3-13).	As	 stated	 in	 the	previous	 section,	 the	overall	 larval	 abundance	on	






actual,	 temporal	 spectrum	 of	 activity	 of	 this	 developmental	 stage.	 For	 studies	 of	
transmission	dynamics,	 the	 seasonal	 activity	of	 I.	 ricinus	 larvae	 collected	 from	hosts	 is	
more	reliable	than	from	flagging.	Furthermore,	the	main	larval	activity	on	host	individuals	































































The	 previous	 two	 sections	 on	 determining	 the	 comparative	 seasonal	 abundance	 of	 I.	
ricinus	 larvae	 and	 nymphs	 by	 flagging	 and	 on	 host	 individuals	 has	 shown	 that	 the	
accessibility	of	the	 instars	differs	greatly	between	the	different	sampling	methods.	The	
sampling	 of	 I.	 ricinus	 larvae	 showed	 a	more	 reliable	 pattern	 by	 collection	 from	 small	
mammal	hosts	(Figure	3-13),	whereas	nymphal	patterns	of	activity	exhibited	much	more	
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SW	 showed	 a	 pattern	 which	 would	 be	 expected	 if	 the	 small	 mammal	 population	
influenced	the	number	of	nymphs	in	the	following	year.	First,	in	2012,	a	low	mean	number	








This	 raises	 the	 question	 of	 whether	 or	 not	 rodent	 populations	 are	 important	 for	
determining	the	abundance	of	nymphs	in	a	given	area.	







collected	 by	 flagging	 at	 AW,	 HW,	 MB	 and	 SW	 from	 2012	 to	 2014.	 For	 reasons	 of	 better	 visualization	 of	 the	










































one	 for	 both	 dominant	 host	 species	 (Af	 and	 Mg)	 together	 and	 one	 for	 each	 species	
separately.	This	was	done	to	examine	the	 influence	of	 the	overall	number	of	available	




Altogether,	 the	patterns	of	 larval	 infestation	on	small	mammal	hosts	were	based	on	a	
complex	network	of	 interactions	(Table	3-8),	with	the	abundance	of	 I.	ricinus	 larvae	on	
hosts	being	related	to	 intrinsic	characteristics	of	the	host	population	and	microclimatic	
factors	(long-term	and	short-term).	The	leaf	litter	layer	was	shown	to	have	the	greatest	
influence	on	small	mammal	 infestation	with	 I.	 ricinus	 larvae.	All	 three	models	 included	
significant	microclimatic	 variables	measured	 in	 the	 leaf	 litter	 layer	 (short-term,	 9	days	
mean	°C,	long-term	accumulated	saturation	deficit),	but	neither	50cm	nor	200cm	height	
should	significant	effects.	There	was	a	significant,	positive,	short-term	effect	of	the	mean	
temperature	 in	 the	 leaf	 litter	 layer	 for	 the	 interval	 of	 9	 days	 prior	 to	 small	 mammal	
sampling.	 Thus,	 a	 higher	 temperature	 during	 this	 time	 interval	 in	 this	 layer	 led	 to	 an	
increase	in	larval	abundance	on	hosts	among	the	four	sites.	This	effect	was	observable	in	






RESULTS	 	 	 	 	
118	 	 	
3-8,	 models	 A,	 B	 and	 C),	 as	 was	 host	 weight	 (used	 as	 numerical	 proxy	 for	 age	 class	
affiliation),	which	was	positively	correlated	with	tick	load,	indicating	that	the	heavier	an	
individual	 was,	 the	 higher	 the	 larval	 I.	 ricinus	 burden	 became,	 regardless	 from	which	
species	the	respective	host	originated.		
With	an	increasing	density	of	small	mammal	hosts,	the	individual	tick	burden	decreased	
significantly	 (Table	3-7,	model	A).	Mg	was	shown	to	harbour	significantly	 less	 I.	 ricinus	
larvae	 than	Af	 (Table	 3-8,	 model	 A).	 In	 addition,	 a	 higher	 proportion	 of	Mg	 led	 to	 a	
significant	decrease	in	I.	ricinus	larval	burdens	(Table	3-7,	models	B	and	C).	








were	 both	 due	 to	 microclimatic	 variables.	 There	 was	 a	 positive	 short-term	 influence	
shown	 for	 the	mean	 soil	 moisture	 for	 the	 interval	 of	 9	 days	 prior	 to	 flagging	 on	 the	
















(9	 days	 mean)	 +	 long-term	 accumulated	 saturation	 deficit	 leaf	 litter	 +	 smoother(day/year),	
family=	negative	binomial,	link=	log	
Parameter	 Estimate	 z	 p	
Mg	 -1.1	 -13.51	 <	0.0001	
gender	(male)	 0.46	 8.6	 <	0.0001	
weight	 0.03	 4.4	 <	0.0001	
small	mammal	host	abundance	total	 -0.01	 -17.78	 <	0.0001	
short-term	(9	days)	mean	°C	leaf	litter		 0.14	 6.29	 <	0.0001	
long-term	accumulated	saturation	deficit	leaf	litter	 -0.003	 -3.97	 <	0.0001	
(B)	I.	ricinus	larvae	on	Af	-	generalized	additive	model	(GAM)	
I.	 ricinus	 larvae	~	gender	+	weight	+	abundance	Mg	+	°C	 leaf	 litter	(9	days	mean)	+	 long-term	
accumulated	saturation	deficit	leaf	litter	+	smoother(day/year),	family=	negative	binomial,	link=	
log	
Parameter	 Estimate	 z	 p	
gender	(male)	 0.3	 4.68	 <	0.0001	
weight	 0.02	 6.22	 <	0.0001	
abundance	of	Mg	 -0.03	 -15.61	 <	0.0001	
short-term	(9	days)	mean	°C	leaf	litter		 0.13	 5.24	 <	0.0001	
long-term	accumulated	saturation	deficit	leaf	litter	 -0.01	 -4.65	 <	0.0001	
	(C)	I.	ricinus	larvae	on	Mg	-	generalized	additive	model	(GAM)	
I.	 ricinus	 larvae	~	gender	+	weight	+	gender:weight	+	 culled	deer/ha	 (t-1)	+	abundance	Mg	+	
abundance	 Af	 +	 long-term	 accumulated	 saturation	 deficit	 leaf	 litter	 +	 smoother(day/year),	
family=	negative	binomial,	link=	log	
Parameter	 Estimate	 z	 p	
weight	 0.04	 3.08	 0.002	
abundance	of	Mg	 -0.02	 -6.9	 <	0.0001	
long-term	accumulated	saturation	deficit	leaf	litter	 -0.01	 -4.38	 <	0.0001	
	





Parameter	 Estimate	 z	 p	
short-term	(6	days)	mean	soil	moisture	 0.02	 2.02	 0.04	













presence	 of	 infection	 with	 five	 different	 TBPs	 of	 human	 and	 veterinary	 medical	
importance:	Babesia	spp.,	Bbsl,	CNM,	Rspp	and	TBE-V.	
At	first,	I	will	give	an	impression	of	the	overall	infection	prevalence	in	the	tick	species	and	
hosts	 found	at	 the	different	 sites	 and	 then	 focus	on	 the	prevalence	and	patterns	 in	 I.	
ricinus	larvae	and	nymphs	as	the	major	species	and	instars	found	on	the	dominant	host	
species	and	on	vegetation,	and	as	the	most	important	vectors	of	TBPs.	Subsequently,	I	will	
examine	 the	 contribution	 of	 host	 characteristics	 and	 individual	 tick	 loads	 on	 the	
prevalence	in	rodent	hosts	and	finally	compare	the	prevalence	in	ticks	on	hosts	with	those	
from	ticks	collected	by	flagging	on	vegetation.	











In	 Figure	 3-16,	 the	 overall	 prevalence	 for	 Bbsl	 and	 Rspp	 found	 at	 the	 four	 sites	 of	
investigation	 is	 shown	 together	with	 the	 relative	 contribution	 of	 the	 four	 tick	 species	
present.	The	relative	contribution	was	based	on	the	number	of	positive	tick	samples	per	
tick	species	on	all	hosts,	to	give	a	first,	broad	overview	of	the	occurrence	of	Bbsl	and	Rspp	
in	 tick	 species.	 The	 largest	 proportion	 of	 ticks	with	Bbsl	 and	Rspp	 infections	 could	 be	
allotted	to	I.	ricinus	larvae	and	nymphs,	followed	by	ticks	of	the	species	D.	reticulatus.	
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of	 I.	 ricinus	accounted	for	the	 largest	proportion	of	Rspp	prevalence	 in	total.	At	HW,	a	






examine	 this,	 the	 prevalence	 of	 Bbsl	 and	 Rspp	 in	 I.	 ricinus	 larvae	 and	 nymphs	 were	
analyzed.	
	











































































































(Table	 3-10).	 This	 pattern	was	 consistent	 for	Mg	 (Fisher’s	 Exact	 Test:	 p=0.005)	 and	Af	
(Fisher’s	Exact	Test:	p<	0.0001).	It	could	further	be	shown	that	larval	Bbsl	prevalence	were	











higher	 level	 than	Bbsl	 (Table	3-10).	Rspp	was	 found	at	all	 four	 sites	and	 in	all	 years	of	




significantly	 higher	 in	 Af	 (Fisher’s	 Exact	 Test	 p<	 0.0001),	 but	 not	 in	 Mg	 (p>	 0.05).	
Furthermore,	Af	harbored	a	significantly	higher	proportion	of	Rspp	positive	larvae	than	
Mg	(#2=	6.58,	p=	0.006).	The	most	obvious	trend	observable	in	I.	ricinus	larvae	was	the	
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	 I.	ricinus	larvae	 I.	ricinus	nymphs	 I.	ricinus	total	
	 larvae	(x̅±SD)	 n	infected	/	analyzed	(%)	 n	infected	/	analyzed	(%)	 n	infected	/	analyzed	(%)	
	 Bbsl	 Rspp	 Bbsl	 Rspp	 Bbsl	 Rspp	
2012	 5	±	5.8	 0	/	919	(0)	 222	/	919	(24.2)	 0	/	15	(0)	 3	/	15	(20)	 0	/	934	(0)	 225	/	934	(24.1)	
AW	 6.9	±	7.5	 0	/	184	(0)	 71	/	184	(38.6)	 0	/	6	(0)	 1	/	6	(16.7)	 0	/	190	(0)	 72	/	190	(37.9)	
HW	 4.2	±	5	 0	/	246	(0)	 38	/	246	(15.4)	 0	/	5	(0)	 2	/	5	(40)	 0	/	251	(0)	 40	/	251	(15.9)	
MB	 4.7	±	4.8	 0	/	347	(0)	 76	/	347	(21.9)	 0	/	2	(0)	 0	/	2	(0)	 0	/	349	(0)	 76	/	349	(21.8)	
SW	 4.5	±	6.4	 0	/	142	(0)	 37	/	142	(26.1)	 0	/	2	(0)	 0	/	2	(0)	 0	/	144	(0)	 37	/	144	(25.7)	
2013	 12.8	±	13.5	 7	/	306	(2.3)	 116	/	306	(37.9)	 13	/	127	(10.2)	 20	/	127	(15.7)	 20	/	433	(4.6)	 136	/	433	(31.4)	
AW	 9.1	±	10	 3	/	104	(2.9)	 49	/	104	(47.1)	 2	/	19	(10.5)	 7	/	19	(36.8)	 5	/	123	(4.1)	 56	/	123	(45.5)	
HW	 18.3	±	15.6	 1	/	80	(1.3)	 29	/	80	(36.3)	 3	/	34	(8.8)	 6	/	34	(17.6)	 4	/	114	(3.5)	 35	/	114	(30.7)	
MB	 15	±	15	 3	/	81	(3.7)	 28	/	81	(34.6)	 8	/	56	(14.3)	 6	/	56	(10.7)	 11	/	137	(8)	 34	/	137	(24.8)	
SW	 7.2	±	7.7	 0	/	41	(0)	 10	/	41	(24.4)	 0	/	18	(0)	 1	/	18	(5.6)	 0	/	59	(0)	 11	/	59	(18.6)	
2014	 10.9	±	13.5	 0	/	230	(0)	 129	/	230	(56.1)	 4	/	63	(6.3)	 10	/	63	(15.9)	 4	/	293	(1.4)	 139	/	293	(47.4)	
AW	 4.7	±	4.1	 0	/	42	(0)	 26	/	42	(61.9)	 2	/	14	(14.3)	 5	/	14	(35.7)	 2	/	56	(3.6)	 31	/	56	(55.4)	
HW	 15.2	±	16.4	 0	/	53	(0)	 28	/	53	(52.8)	 0	/	7	(0)	 1	/	7	(14.3)	 0	/	60	(0)	 29	/	60	(48.3)	
MB	 15.9	±	16.2	 0	/	58	(0)	 29	/	58	(50)	 2	/	20	(10)	 2	/	20	(10)	 2	/	78	(2.6)	 31	/	78	(39.7)	
SW	 14.4	±	15	 0	/	77	(0)	 46	/	77	(59.7)	 0	/	22	(0)	 2	/	22	(9.1)	 0	/	99	(0)	 48	/	99	(48.5)	
	 M.	glareolus	
	 I.	ricinus	larvae	 I.	ricinus	nymphs	 I.	ricinus	total	
	 larvae	(x̅±SD)	 n	infected	/	analyzed	(%)	 n	infected	/	analyzed	(%)	 n	infected	/	analyzed	(%)	
	 Bbsl	 Rspp	 Bbsl	 Rspp	 Bbsl	 Rspp	
2012	 2	±	1.6	 3	/	389	(0.8)	 69	/	389	(17.7)	 0	/	5	(0)	 0	/	5	(0)	 3	/	394	(0.8)	 69	/	394	(17.5)	
AW	 2.3	±	2.0	 1	/	130	(0.8)	 26	/	130	(20)	 0	/	3	(0)	 0	/	3	(0)	 1	/	133	(0.8)	 26	/	133	(19.5)	
HW	 2.2	±	1.9	 1	/	66	(1.5)	 4	/	66	(6.1)	 0	/	2	(0)	 0	/	2	(0)	 1	/	68	(1.5)	 4	/	68	(5.9)	
MB	 1.7	±	1.1	 1	/	95	(1.1)	 12	/	95	(12.6)	 0	/	0	(0)	 0	/	0	(0)	 1	/	95	(1.1)	 12	/	95	(12.6)	
SW	 1.8	±	1.2	 0	/	98	(0)	 27	/	98	(27.6)	 0	/	0	(0)	 0	/	0	(0)	 0	/	98	(0)	 27	/	98	(27.6)	
2013	 4	±	4.4	 18	/	276	(6.5)	 82	/	276	(29.7)	 4	/	30	(13.3)	 4	/	29	(13.8)	 22	/	306	(7.2)	 86	/	305	(28.2)	
AW	 3.7	±	3.6	 18	/	198	(9.1)	 59	/	198	(29.8)	 3	/	22	(13.6)	 3	/	21	(14.3)	 21	/	220	(9.5)	 62	/	219	(28.3)	
HW	 6.4	±	9	 0	/	19	(0)	 5	/	19	(26.3)	 1	/	4	(25)	 0	/	4	(0)	 1	/	23	(4.3)	 5	/	23	(21.7)	
MB	 3.8	±	3.4	 0	/	45	(0)	 12	/	45	(26.7)	 0	/	3	(0)	 0	/	3	(0)	 0	/	48	(0)	 12	/	48	(25)	
SW	 5.9	±	6.1	 0	/	14	(0)	 6	/	14	(42.9)	 0	/	1	(0)	 1	/	1	(100)	 0	/	15	(0)	 7	/	15	(46.7)	
2014	 3.3	±	3.6	 0	/	134	(0)	 64	/	134	(47.8)	 3	/	36	(8.3)	 10	/	36	(27.8)	 3	/	170	(1.8)	 74	/	170	(43.5)	
AW	 2.4	±	2.6	 0	/	55	(0)	 34	/	55	(61.8)	 3	/	11	(27.3)	 3	/	11	(27.3)	 3	/	66	(4.5)	 37	/	66	(56.1)	
HW	 5.2	±	6	 0	/	29	(0)	 14	/	29	(48.3)	 0	/	21	(0)	 7	/	21	(33.3)	 0	/	50	(0)	 21	/	50	(42)	
MB	 3.4	±	3.3	 0	/	40	(0)	 11	/	40	(27.5)	 0	/	4	(0)	 0	/	4	(0)	 0	/	44	(0)	 11	/	44	(25)	
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one	 sample	of	 class	1	was	positive	 for	Bbsl	 on	Mg.	 The	highest	proportion	of	positive	
samples	was	again	found	for	larvae	of	engorgement	class	2,	and	only	a	single	sample	of	
class	3	was	positive.			
For	Rspp,	 the	pattern	of	prevalence	among	 the	 three	 classes	of	engorgement	differed	
substantially	from	that	of	Bbsl	infection:	here,	the	pathogen	was	more	widely	and	evenly	
distributed	among	larvae	of	different	engorgement	classes	(Table	3-11).	The	proportion	











in	 2012	 and	 2013	 according	 to	 the	 level	 of	 engorgement.	 Engorgement	 classes	 refer	 to	 1=	 (almost)	 unfed,	 2=	





class	 1	 2	 3	 1	 2	 3	
2012	 0/185	(0)	 0/581	(0)	 0/153	(0)	 0/45	(0)	 3/290	(1)	 0/54	(0)	
AW	 0/29	(0)	 0/147	(0)	 0/8	(0)	 0/6	(0)	 1/113	(0.9)	 0/11	(0)	
HW	 0/53	(0)	 0/147	(0)	 0/46	(0)	 0/11	(0)	 1/42	(2.4)	 0/13	(0)	
MB	 0/81	(0)	 0/185	(0)	 0/81	(0)	 0/16	(0)	 1/65	(1.5)	 0/14	(0)	
SW	 0/22	(0)	 0/102	(0)	 0/18	(0)	 0/12	(0)	 0/70	(0)	 0/16	(0)	
2013	 0/47	(0)	 6/243	(2.5)	 1/16	(6.3)	 1/16	(6.3)	 16/230	(7)	 1/30	(3.3)	
AW	 0/20	(0)	 2/75	(2.7)	 1/9	(11.1)	 1/11	(9.1)	 16/167	(9.6)	 1/20	(5)	
HW	 0/9	(0)	 1/67	(1.5)	 0/4	(0)	 0/1	(0)	 0/17	(0)	 0/1	(0)	
MB	 0/16	(0)	 3/64	(4.7)	 0/1	(0)	 0/2	(0)	 0/34	(0)	 0/9	(0)	
SW	 0/2	(0)	 0/37	(0)	 0/2	(0)	 0/2	(0)	 0/12	(0)	 0/0	(0)	




class	 1	 2	 3	 1	 2	 3	
2012	 26/185	(14.1)	 162/581	(27.9)	 34/153	(22.2)	 8/45	(17.8)	 54/290	(18.6)	 7/54	(13)	
AW	 2/29	(6.9)	 67/147	(45.6)	 2/8	(25)	 1/6	(16.7)	 22/113	(19.5)	 3/11	(27.3)	
HW	 6/53	(11.3)	 22/147	(15)	 10/46	(21.7)	 2/11	(18.2)	 2/42	(4.8)	 0/13	(0)	
MB	 17/81	(21)	 41/185	(22.2)	 18/81	(22.2)	 3/16	(18.8)	 9/65	(13.8)	 0/14	(0)	
SW	 1/22	(4.5)	 32/102	(31.4)	 4/18	(22.2)	 2/12	(16.7)	 21/70	(30)	 4/16	(25)	
2013	 10/47	(21.3)	 103/243	(42.4)	 3/16	(18.8)	 6/16	(37.5)	 72/230	(31.3)	 4/30	(13.3)	
AW	 8/20	(40)	 39/75	(52)	 2/9	(22.2)	 4/11	(36.4)	 52/167	(31.1)	 3/20	(15)	
HW	 0/9	(0)	 29/67	(43.3)	 0/4	(0)	 0/1	(0)	 5/17	(29.4)	 0/1	(0)	
MB	 2/16	(12.5)	 25/64	(39.1)	 1/1	(100)	 1/2	(50)	 10/34	(29.4)	 1/9	(11.1)	
SW	 0/2	(0)	 10/37	(27)	 0/2	(0)	 1/2	(50)	 5/12	(41.7)	 0/0	(0)	
	Total	 36/232	(15.5)	 265/824	(32.2)	 37/169	(21.9)	 14/61	(23)	 126/520	(24.2)	 11/84	(13.1)	
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 Pathogen	prevalence	in	ticks	on	hosts	versus	ticks	on	vegetation	
In	 the	 following	section,	 the	prevalence	of	Bbsl,	Rspp	 and	CNM	 in	 I.	 ricinus	 larvae	and	
nymphs	on	hosts	(Af	and	Mg)	were	compared	to	the	prevalence	obtained	from	I.	ricinus	
























































	 (%)	 (%)	 (x̅		±	SD)	
2012	 0	/	8	(0)	 17	/	81	(21)	 8.9	±	2.2	
AW	 0	/	2	(0)	 4	/	24	(16.7)	 9.1	±	2.3	
HW	 0	/	3	(0)	 5	/	25	(20)	 9	±	2	
MB	 0	/	3	(0)	 8	/	27	(29.6)	 8.9	±	2.3	
SW	 0	/	0	(0)	 0	/	5	(0)	 7.2	±	2.8	
2013	 3	/	20	(15)	 29	/	96	(30.2)	 8.8	±	2.3	
AW	 0	/	3	(0)	 8	/	26	(30.8)	 8.7	±	2.4	
HW	 0	/	6	(0)	 4	/	33	(12.1)	 9	±	2.4	
MB	 0	/	6	(0)	 14	/	28	(50)	 9.3	±	1.9	
SW	 3	/	5	(60)	 3	/	9	(33.3)	 7.4	±	3	
2014	 NA	 8	/	63	(12.7)	 8.3	±	2.8	
AW	 NA	 3	/	12	(25)	 7.8	±	3	
HW	 NA	 0	/	19	(0)	 8.3	±	3	
MB	 NA	 3	/	13	(23.1)	 8.1	±	2.8	
SW	 NA	 2	/	19	(10.5)	 8.6	±	2.7	






	 (%)	 (%)	 (x̅		±	SD)	
2012	 3	/	8	(37.5)	 58	/	81	(71.6)	 8.9	±	2.2	
AW	 0	/	2	(0)	 17	/	24	(70.8)	 9.1	±	2.3	
HW	 3	/	3	(100)	 19	/	25	(76)	 9	±	2	
MB	 0	/	3	(0)	 20	/	27	(74.1)	 8.9	±	2.3	
SW	 0	/	0	(0)	 2	/	5	(40)	 7.2	±	2.8	
2013	 10	/	20	(50)	 61	/	96	(63.5)	 8.8	±	2.3	
AW	 1	/	3	(33.3)	 18	/	26	(69.2)	 8.7	±	2.4	
HW	 6	/	6	(100)	 21	/	33	(63.6)	 9	±	2.4	
MB	 3	/	6	(50)	 19	/	28	(67.9)	 9.3	±	1.9	
SW	 0	/	5	(0)	 3	/	9	(33.3)	 7.4	±	3	
2014	 NA	 30	/	63	(47.7)	 8.3	±	2.8	
AW	 NA	 8	/	12	(66.7)	 7.8	±	3	
HW	 NA	 6	/	19	(31.6)	 8.3	±	3	
MB	 NA	 5	/	13	(38.5)	 8.1	±	2.8	
SW	 NA	 11	/	19	(57.9)	 8.6	±	2.7	
Total	 13	/	28	(46.6)	 149	/	240	(62.1)	 8.7	±	2.4	






flagged	 nymphs	 was	 higher	 than	 in	 larvae,	 and	 substantially	 elevated	 compared	 to	








randomly	 chosen	 among	 the	 sampling	 sites	 and	 years	 to	 determine	 the	 rickettsial	











Host	 93	 61	(100)	 32	 6	 3	(100)	 0	(0)	 3	









Table	3-13:	Results	of	Rickettsia	genospecies	 identification	shown	separately	 for	the	 investigated	 I.	 ricinus	 instars	
(larvae	 and	 nymphs)	 and	whether	 the	 sample	 originated	 from	 host	 collection	 (Host)	 or	 flagging	 (Flag).	 Total	 (n)	
















2013	 49.1	±	57.9	 38	/	103	(36.9)	 4.8	±	3.7	 12	/	33	(36.4)	
AW	 42.5	±	34.1	 18	/	37	(48.6)	 5.9	±	3	 4	/	7	(57.1)	
HW	 64.2	±	77.6	 7	/	25	(28)	 3.6	±	3.2	 4	/	11	(36.4)	
MB	 58.4	±	71.7	 7	/	22	(31.8)	 5.4	±	4.5	 4	/	11	(36.4)	
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Table	3-15),	and	reached	remarkably	high	overall	prevalence	(up	to	36.9%	in	larvae	and	








from	 hosts	 and	 on	 vegetation	 (2013)	 showed	 slightly	 elevated	 overall	 prevalence	 in	



















for	all	 four	sampling	sites	at	 first	and	then	 for	 the	 four	sites	 individually,	 to	assess	 the	
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Parameter	 Estimate	 SE	 #	 p	
Larvae	 	    
All	sites	(n=	2248)	 	    
ticks	 -0.05	 0.02	 6.82	 0.009*	
host	species	(Af)	 1.68	 0.32	 37.43	 <.0001*	
weight	 -0.12	 0.03	 11.90	 0.0006*	
nymphs	questing	 -0.01	 0.01	 2.75	 0.1	
AW	(n=	712)	 	    
host	species	(Af)	 1.54	 0.42	 21.41	 <.0001*	
weight	 -0.15	 0.04	 12.75	 0.0004*	
gender	(female)	 0.50	 0.24	 5.00	 0.03*	
HW	(n=	493)	 	    
deer/ha	(t-1)	 2.06	 1.07	 4.93	 0.03*	
MB	(n=	664)	 	    
nymphs	questing	 -0.06	 0.03	 6.80	 0.009*	
mean	larvae/host	 -0.20	 0.05	 15.49	 <.0001*	
Nymphs	 	    
All	sites	(n=	276)	 	    




MB,	 SW)	 together	 and	 separate.	 Parameter	 estimates	 (Estimate)	 including	 standard	 error	 (SE),	 #2	 value	 and	










Parameter	 Estimate	 SE	 #2	 p	
Larvae	 	    
All	sites	(n=	2248)	 	    
ticks	 -0.06	 0.01	 118.51	 <.0001*	
nymphs	questing	 -0.01	 0.002	 7.38	 0.007*	
weight	 -0.01	 0.01	 2.68	 0.1	
host	abundance	JS	 -0.01	 0.003	 5.91	 0.02*	
deer/ha	(t-1)	 0.04	 0.01	 10.51	 0.001*	
AW	 	    
ticks	 -0.11	 0.02	 62.74	 <.0001*	
nymphs	questing	 -0.01	 0.003	 3.90	 0.049*	
host	abundance	 -0.04	 0.01	 39.39	 <.0001*	
HW	 	    
ticks	 -0.04	 0.01	 11.44	 0.0007*	
deer(t-1)	 -0.77	 0.21	 15.19	 <.0001*	
weight	 -0.03	 0.01	 4.86	 0.03*	
mean	larvae/host	 -0.08	 0.02	 19.33	 <.0001*	
MB	 	    
Ticks	 -0.04	 0.01	 20.02	 <.0001*	
Nymphs	questing	 -0.02	 0.003	 33.64	 <.0001*	
SW	 	    
ticks	 -0.07	 0.01	 27.79	 <.0001*	
deer/ha	(t-1)	 0.16	 0.07	 6.14	 0.013*	
Nymphs	 	    
All	sites	(n=	276)	 	    
gender	(female)	 0.46	 0.23	 5.37	 0.02*	
weight	 0.04	 0.02	 3.93	 0.048*	
HW	 	    






of	 several	 host-derived	 characteristics,	 as	 well	 as	 tick-derived	 variables	 and	 revealed	
certain	 differences	 between	 the	 overall	model	 and	 individual	 sites	 (Table	 3-16A).	 The	
variables	remaining	in	the	overall	final	model	for	all	sites	could	mainly	be	retrieved	in	the	
models	 fitted	 for	 the	 individual	 sites	 with	 the	 same	 set	 of	 initial	 predictor	 variables,	





The	number	of	questing	nymphs	remained	 in	 the	 final	overall	model,	which	suggested	




The	 importance	 of	 the	 remaining	 two	 significant	 predictors	 of	Bbsl	 prevalence	 in	 the	
overall	model	 could	be	 confirmed	at	 individual	 sites:	Af	 individuals	were	 shown	 to	be	
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overall	 nymphal	 prevalence	 could	 be	 confirmed	 at	 the	 individual	 site-level	 as	 well,	
showing	 a	 higher	 level	 of	 conformity	 compared	 to	 Bbsl	 prevalence	 on	 hosts.	 The	





(#2=	2.68,	 p=	 0.1)	was	 significant	 at	HW,	 and	 further	with	 respect	 to	 the	 overall	Rspp	










The	 final	 models	 for	 pathogen	 prevalence	 in	 nymphs	 on	 the	 vegetation	 (Table	 3-17)	
appeared	simpler	and	more	uniform	compared	to	the	models	describing	Bbsl	and	Rspp	








Rspp	 prevalence	 in	 questing	 nymphs	 (Table	 3-17B)	 showed	 slightly	 less	 conformity	





could	 not	 be	 discovered	 in	 any	 of	 the	 site-specific	models.	 Furthermore,	 there	was	 a	
significantly	 negative	 association	 between	 the	 number	 of	 questing	 nymphs	 and	 Rspp	
prevalence	at	AW,	but	a	contrasting	positive	association	at	HW	(Table	3-17).	
Besides	 that,	 there	 was	 consistency	 between	 the	 overall	 model	 and	 the	 site-specific	







Parameter	 Estimate	 SE	 #2	 p	
All	sites	 	    
nymphs	questing	 0.01	 0.005	 7.20	 0.007*	
mean	larvae/host	(t-1)	 0.28	 0.04	 43.59	 <.0001*	
HW	 	    
mean	larvae/host	(t-1)	 0.40	 0.11	 22.13	 <.0001*	
MB	 	    
mean	larvae/host	(t-1)	 0.20	 0.06	 10.42	 0.001*	
SW	 	    
nymphs	questing	 0.05	 0.02	 11.54	 0.0007*	





Parameter	 Estimate	 SE	 #	 p	
All	sites	 	    
mean	larvae/host	(t-1)	 0.42	 0.04	 172.71	 <.0001*	
Table	3-17:	Overall	formulation	of	the	GLM	of	B.	burgdorferi	s.l.	(Bbsl,	A)	and	Rickettsia	spp	(Rspp,	B)	prevalence	
in	I.	ricinus	nymphs	on	vegetation.	Models	were	established	for	all	sites	(AW,	HW,	MB,	SW)	together	and	separate.		
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host	abundance	JS	(t-1)	 -0.03	 0.01	 38.35	 <.0001*	
AW	 	    
mean	larvae/host	(t-1)	 0.31	 0.08	 15.46	 <.0001*	
nymphs	questing	 -0.03	 0.01	 15.83	 <.0001*	
HW	 	    
nymphs	questing	 0.02	 0.01	 7.44	 0.006*	
mean	larvae/host	(t-1)	 0.47	 0.06	 110.68	 <.0001*	
MB	 	    
mean	larvae/host	(t-1)	 0.34	 0.05	 55.03	 <.0001*	
SW	 	    





A	 central	 outcome	 of	 my	 thesis	 shows	 the	 pervasive	 presence	 of	 substantial	 spatio-
temporal	 variability	 of	 all	 three	 cornerstones	 of	 my	 investigation	 (Figure	 4-1):	 small	
mammal	hosts,	ticks	and	pathogens	underwent	seasonal	fluctuations	of	various	shape	and	
extent	during	the	three	years,	which	differed	between	the	four	forest	sites	in	BW.	This	
variability	 makes	 the	 identification	 of	 the	 major	 factors	 influencing	 the	 tick-host-
pathogen-system	a	challenging	task.	
In	the	following	sections,	I	will	analyze	the	relative	influence	of	the	variety	of	factors	that	















indicate	 the	 three	 main	 components	 of	 the	 discussion,	 including	 respective	 points	 of	 focus.	 The	 light-green	 ellipse	
comprises	the	abiotic	and	biotic	environment	as	influencing	factors	of	interest	in	the	study	




The	 first	part	of	 the	discussion	will	 be	dedicated	 to	 the	analysis	of	 the	 small	mammal	




















perform	 key	 ecological	 functions	 such	 as	 habitat	 formation	 or	 ecological	 engineering	
(Jones	et	al.,	1996),	are	involved	in	the	dispersal	of	seeds	and	spores	(Morand	et	al.,	2006),	







For	 ticks	 and	 TBPs,	 small	mammals	 are	 of	 special	 importance	 as	 they	 act	 as	 the	main	









the	 same	 time	 to	 reduce	 edge	 effects,	 leading	 to	 more	 centralized	 catchment	 areas	




of	 hypothermia	 or	 context-related	 stress	 (Barnett	 and	 Dutton,	 1995).	 The	 sampling	
interval	of	monthly	captures	for	three	consecutive	days	and	nights	was	chosen	as	trade-
off	between	a	large	enough,	small	enough	and	long	enough	timeframe.	Large	enough	to	






impact	 of	 behaviorally	 altered	 individuals	 on	 the	 representativeness	 of	 captures	 to	
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 Community	structure	and	dynamics	
Small	 mammal	 populations	 in	 Central	 European	 forests	 usually	 consist	 of	 three	 to	





dominant	species	at	all	 sites	and	 in	all	 years.	Both	species	are	highly	abundant	 rodent	
species	in	Central	European	forests	(Stenseth	et	al.,	2002;	Suchomel	et	al.,	2014).	They	
have	been	found	to	be	the	most	abundant	small	mammal	species	 in	a	variety	of	other	







factors	 at	 all	 four	 sites	 and	 their	 potential	 influence	 as	 the	 main	 hosts	 for	 ticks	 and	
reservoirs	for	TBPs	in	the	present	study.	



















rodent	 populations	 decreased	 significantly.	 However,	 it	 is	 not	 possible	 to	 determine	








lower	 preference	 for	 forests	 than	 Af	 and	Mg	 (Quéré	 and	 Le	 Louarn,	 2011;	 Bugarski-
Stanojević	et	al.,	2013).		








1995).	 This	 in	 turn	 is	 likely	 to	 affect	 the	 transmission	 dynamics	 of	 TBPs	 and	 will	 be	
discussed	in	the	next	sections.	
The	 community	 structure	 of	 small	 mammal	 populations	 within	 a	 certain	 habitat,	 e.g.	
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habitat	structure,	predation,	parasites	and	disease,	while	the	intrinsic	factors	of	potential	
importance	 are	 even	more	 complex	 and	 have	 either	 a	 social,	 physiological	 or	 genetic	
aspect	 (Krebs,	 2013).	 Nevertheless,	 after	 decades	 of	 extensive	 studies,	 the	 search	 for	
causes	of	small	mammal	population	fluctuations	is	not	over	and	population	ecologists	still	
discuss	the	topic	as	passionate	as	controversially	(Hudson	and	Bjørnstad,	2003).	As	the	




will	 analyze	 their	 structure	and	dynamics	with	 respect	 to	 the	 influence	of	 the	density-
independent	components	habitat	(with	respect	to	landscape	and	microclimate)	and	food	








populations.	 These	 usually	 exhibit	 population	 cycles	 of	 expansion	 and	 contraction	
(Gurnell,	1985).	Typically,	after	a	period	of	overwintering,	the	overall	numbers	of	small	


















gave	 rise	 to	 a	 dramatic	 population	 increase	 in	 rodent	 abundance	 (Marsh	 and	
Montgomery,	 2008;	 Shore	 and	 Hare,	 2008).	 This	 pattern	 of	 the	 extensive	 population	
growth	 of	 seed-eating	 rodents	 after	 mast	 events	 has	 been	 documented	 for	 several	
European	and	North	American	forest	rodents	(Bergstedt,	1965;	Pucek	et	al.,	1993;	Ostfeld	
et	 al.,	 2001;	 Stenseth	et	 al.,	 2002;	 Turni,	 2005a;	 Shore	 and	Hare,	 2008;	 Sundell	et	 al.,	
2012).	As	spring	abundance	mainly	represents	the	consequence	of	winter	mortality	which	
is	higher	in	colder	winters	(Stenseth	et	al.,	2002)	and	the	abundance	of	small	mammals	at	














cold	 and	 long	 (average	 air	 temperature	 in	 March	 2013:	 3.4	 °C,	 DWD,	 station:	
Rheinstetten).	In	addition,	the	year	2012	was	not	a	mast	year.	Mast	levels	of	the	major	
fruiting	trees	were	low	(25%	overall	mast),	reaching	only	the	level	of	partial	mast	(e.g.	F.	
sylvatica	 20%,	 P.	 sylvestris	 45%,	 Q.	 petraea	 5%,	 Forestry	 Office	 Karlsruhe).	 Food	
competition	 by	 other	 animals	 can	 further	 influence	 the	 population	 density	 of	 small	
mammals.	Forcadi	et	al.	(2000)	showed	that	wild	boar	actively	plunder	food	reservoirs	of	
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mice,	which	 can	 lead	 to	 starvation	 among	 small	mammal	 populations	 during	 times	 of	
limited	 food	 supply.	 Deer,	 in	 turn,	 can	 alter	 habitats	 and	 lead	 to	 a	 decrease	 in	 vole	
abundance	 (Flowerdew	 and	 Ellwood,	 2001).	 This	 could	 have	 led	 to	 substantial	 food	











close	 to	 the	ground	 compared	 to	 the	other	 sites	 (Ellenberg	1963).	All	 of	 these	 factors	
combined	might	 have	 prevented	 a	 population	 decline	 at	 this	 site	 during	 2013.	 Still,	 a	
common	pattern	observable	at	all	four	sites	in	2013	was	the	autumn	peak	of	populations,	











et	 al.,	 1998;	 Tkadlec	 and	 Zejda,	 1998),	 which	 in	 turn	 would	 have	 favored	 the	 overall	
recovery	 of	 small	 mammal	 populations	 in	 2014.	 The	 only	 exception	 to	 the	 pattern	
constituted	the	site	SW,	which	only	showed	a	slight	increase	in	overall	numbers	from	2013	






might	 be	 the	 higher	 presence	 of	 predators	 such	 as	 mustelids	 (Gaistal	 ranger,	 oral	
communication)	or	food	competition	by	wild	boar,	as	previously	discussed.	
It	seems	that	food	and	weather	are	of	potentially	great	importance	towards	shaping	small	
mammal	dynamics,	 but	 that	 they	are	not	 sufficient	 in	 explaining	 the	entire	pattern	of	
these	dynamics.	












and	Mg	 differ	 to	 some	 extent	 in	 their	 species-specific	 ecology,	 and	 thus	 are	 likely	 to	




of	 individuals	of	 a	population	with	 incomplete	 capture.	Capture-mark-recapture-based	
population	models	can	give	a	deeper	insight	in	fluctuation	events	and	be	more	precise	in	
estimating	individual	numbers	per	unit	time,	because	they	consider	the	capture	histories	
of	 individuals	 and,	 based	 on	 that,	 generate	 species-specific	 estimates	 of	 survival,	
encounter	 and	 birth	 /	 death	 to	 estimate	 population	 abundance	 for	 individual	 species.	
Therefore,	this	approach	is	more	precise	in	observing	population	processes	in	detail.	The	






































productivity	 or	 capacity	 at	 MB	 seems	 to	 be	 higher	 than	 at	 HW,	 allowing	 for	 a	
comparatively	 higher	 total	 abundance	 of	 small	mammals	 at	 the	 site,	 as	 observable	 in	
2012.	
SW,	 the	 site	 located	within	 the	 northern	 Black	 Forest	 (610m	 a.s.l.),	 is	 assumed	 to	 be	
comparatively	more	suitable	for	Mg	than	Af.	Mg	has	been	shown	to	be	highly	abundant	
in	mountain	 forests	 of	 Germany,	 Austria	 and	 Italy,	 reaching	 high	 population	 densities	
(Ladurner	and	Cazzolli,	2000;	Jerabek	and	Reiter,	2003a;	Burkhardt	and	Schlund,	2005).	In	





but	 overall	 high	 abundance	 of	Af	 at	 SW	 in	 2012,	 it	 seems	 that	 the	 site	 can	 be	 highly	
productive	as	well.	However,	 there	must	be	some	factors	 influencing	their	abundance,	
apart	from	extrinsic	factors	of	habitat	structure	or	food,	preventing	the	recovery	of	both	
species’	 populations	 after	 the	 dramatically	 high	 abundance	 in	 2012.	 A	 possible	
explanation	 is	 the	presumably	higher	predation	pressure	compared	 to	 the	other	 three	
sites	by	an	increased	presence	of	foxes	and	mustelids	(oral	communication	Gaistal	Ranger	
G.	Eberhardt).	It	has	been	shown	that	predator	populations	increase	after	an	increase	in	




populations,	 e.g.	 by	 high	winter	mortality	 (Flowerdew	 et	 al.,	 1985;	 Barrett	 and	 Peles,	
1999).	
The	site	AW,	an	alluvial	forest	with	most	intense	ground	cover	and	herbal	layer	among	
the	 four	 sites,	 coincided	with	 the	 highest	 overall	 abundance	 of	Mg.	 This	matches	 the	
previously	stated	habitat	preference	of	Mg	for	humid	areas	(like	alluvial	forests)	with	thick	
herbal	 layers	 to	 feed	on	 and	 to	 avoid	 predation	 (Viro	 and	Niethammer,	 1982)	 and	 an	
overall	denser	vegetation	than	Af	(Stenseth	et	al.,	2002;	Jenrich	et	al.,	2010).	The	higher	
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proportion	 of	Mg	 compared	 to	 Af	 at	 this	 site	 might	 therefore	 be	 attributed	 to	 the	
comparatively	 higher	 habitat	 suitability	 for	Mg,	 allowing	 the	Mg	 population	 to	 thrive	
(Jerabek	and	Reiter,	2003b;	Kraft,	2008).	But	the	site	harbors	an	overall	high	number	of	
Af	as	well.	Furthermore,	 the	site	AW	possessed	the	most	stable	overall	 small	mammal	
population	 among	 all	 four	 sites	 over	 the	 entire	 study	 period.	 This	 might	 indicate	 its	
extraordinarily	 high	 and	 stable	 productivity,	 providing	 the	 necessary	 capacity	 for	
persistent	coexistence	of	both	species	due	to	the	high	degree	of	habitat	substructures,	














Examining	 the	 abundance	 of	Af	 and	Mg	 in	 2012,	 it	 is	 obvious	 that	 the	 similar	 overall	
pattern	of	small	mammal	populations	at	all	sites	in	2012	does	not	simply	correspond	to	
the	 abundance	 of	 the	 individual	 species.	 At	 none	 of	 the	 sites	 there	 is	 an	 equivalent	
abundance	of	Af	and	Mg	observable.	Instead,	both	species	contribute	differently	to	the	
observed	 overall	 pattern	 of	 similarity.	 This	 stresses	 again	 the	 importance	 of	 species-
specific	examination	of	population	dynamics.	A	reason	for	the	overall	similarity	at	the	four	








limitations	 in	 small	mammal	 reproduction	acting	across	 sites	 (Deutscher	Wetterdienst,	















vole	 numbers	 (Andrzejewski	 and	 Olszewski,	 1963;	 Boonstra	 et	 al.,	 1998).	 This	 seems	













for	 that	 might	 be	 found	 in	 the	 slower	 population	 turnover	 and	 the	 longevity	 of	Mg	
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compared	to	Af	(Radda	et	al.,	1969a;	Niethammer,	1990b;	Burkhardt	and	Schlund,	2005)	

















Another	 aspect	 of	 small	 mammal	 populations	 with	 potential	 effect	 on	 tick	 and	 TBP	























to	both	 species,	all	 sites	ad	all	 years	of	 investigation	and	 therefore	provided	 the	most	
reliable	 source	 of	 information	 regarding	 further	 examinations.	 This	 result	 corresponds	








et	 al.,	 2010).	 Besides	 that,	 juvenile	 individuals	 are	 less	 likely	 to	 capture	 as	 they	 are	
substantially	 less	active	 in	terms	of	 foraging	behavior	and	home	range	than	 larger	and	
reproductively	 active	 subadult	 or	 adult	 individuals	 (Schlund	 and	 Scharfe,	 1993;	 Turni,	
2005a).		






population	 peak	 is	 delayed	 as	 a	 density-dependent	 intrinsic	 effect.	 Together	with	 the	
usually	earlier	ending	reproductive	phase	during	seasons	of	high	individual	abundance,	
the	resulting	adult	population	in	the	following	spring	is	much	older	than	in	years	without	

















individuals	after	 the	decline	are	entirely	 involved	 in	 reproduction	and	 therefore	 in	 the	
expansion	of	the	population.	After	the	following	winter	2013/2014	with	potentially	low	
winter	mortality	and	 in	concurrence	with	a	higher	abundance	of	 individuals,	 this	could	
have	fed	on	to	the	even	larger	proportion	of	juvenile	Af	in	2014.	The	comparatively	higher	
proportion	 of	 juvenile	Af	 trapped	 during	 the	 study	might	 be	 attributed	 to	 behavioral	
differences	between	the	two	rodent	species:	Juvenile	Mg	tend	to	stay	in	their	nests	longer	
and	 express	 less	 foraging	 behavior	 compared	 to	 the	 juveniles	 of	 Af	 (Burkhardt	 and	
Schlund,	2005;	Turni,	2005a).	
The	proportion	of	male	 to	 female	Af	 and	Mg	was	mainly	balanced	at	 the	overall	 level	
between	 sites	 and	 years,	with	 some	 slight	 fluctuations	 and	 differences	 over	 time	 and	
between	species.	
While	 the	amount	of	captured	 individuals	of	both	genders	was	equivalent	 for	Mg,	 the	










to	 an	 increased	 energy	 requirement,	 for	 example	 during	 breeding	 season,	 leading	 to	
increased	foraging	behavior	(Jerabek	and	Reiter,	2003b;	Turni,	2005a)	
It	 can	 therefore	 be	 assumed	 that	 the	 proportion	 of	male	 and	 female	 individuals	 was	
generally	balanced	among	sites	and	years.	
The	 results	 presented	 here	 show	 an	 enormous	 amount	 of	 variation	 in	 small	mammal	





Ticks	 are	 the	 major	 vectors	 of	 zoonotic	 pathogens	 in	 Central	 Europe,	 being	 able	 to	
transmit	a	large	variety	of	viral,	bacterial	and	protozoan	pathogens	to	humans	and	animals	
(Estrada-Peña	et	al.,	2013;	Estrada-Peña	and	de	 la	Fuente,	2014).	The	distribution	and	
density	of	 tick	populations	 is	 the	result	of	a	complex	network	of	 interactions	 (Estrada-
Peña	et	al.,	 2004;	Ogden	et	al.,	 2008;	Gray,	2008),	based	on	 two	cornerstones:	 firstly,	
suitable	microclimatic	and	habitat	conditions	are	needed	to	provide	the	framework	for	
tick	survival	and	activity	in	a	given	area	(Randolph	and	Storey,	1999;	Estrada-Peña	et	al.,	
2004),	 and	 secondly,	 the	 presence	 of	 suitable	 hosts	 is	 necessary	 to	 provide	 for	 the	
maintenance	 of	 tick	 populations	 (Goodwin	 et	 al.,	 2001;	 Mihalca	 et	 al.,	 2012).	 Small	
mammals	are	of	special	importance	as	hosts	for	tick	immatures	(Tälleklint	and	Jaenson,	
1997),	but	beyond	their	role	as	blood-meal	source	for	ticks,	host	populations	are	far	more	
important	 (Randolph	 and	 Storey,	 1999).	 Their	 community	 structure,	 abundance	 and	
dynamics	are	assumed	to	strongly	impact	the	abundance	and	aggregation	of	ticks	on	host	
individuals	 as	 well	 as	 populations	 and	 hence	 can	 be	 of	 great	 importance	 in	 the	
transmission	dynamics	of	TBPs.	
	




collected	 in	 total).	 This	 coincides	with	 the	 situation	 found	 in	many	 other	 Central	 and	
Northern	European	studies	(Jaenson	et	al.,	1994;	Dorn	et	al.,	1999;	Estrada-Peña	et	al.,	
2005;	Paziewska	et	al.,	2010;	Pérez	et	al.,	2012;	Mihalca	and	Sándor,	2013),	and	confirms		
I.	 ricinus	as	being	 the	most	prevalent	 tick	 species	 throughout	Central	Europe	 (Estrada-
Peña	et	al.,	2006),	Germany	(Rubel	et	al.,	2014;	Schulz	et	al.,	2014)	and	BW	(Petney	et	al.,	
2013).	 I.	 ricinus	 is	 known	 to	 infest	 a	 wide	 range	 of	 hosts,	 including	 small	 mammals	
(Estrada-Peña	et	al.,	2015)	and	 it	 is	 the	main	vector	 species	of	 tick-borne	 infections	 in	







focal	 distribution	 (Obsomer	 et	 al.,	 2013;	 Karbowiak,	 2014;	 Pfäffle	 et	 al.,	 2015a).	 The	





the	 site	HW	only.	 The	 collection	 of	 larvae	 and	 nymphs	 throughout	 the	 three	 years	 of	
sampling	at	HW	indicates	a	stable	population	of	the	tick	species	at	the	site	(Pfäffle	et	al.,	





European	countries,	 representing	habitats	 that	provide	medium	vegetation	 cover	with	








al.,	 2013).	 Hence,	 all	 four	 tick	 species	 represent	 typical	 tick	 species	 found	 on	 small	
mammal	hosts.	




of	 larvae:nymphs:adults	 is	 assumed	 to	 be	 the	 result	 of	 the	 vertically	 higher	 questing	
activity	of	nymphs	and	adults,	resulting	in	lower	probabilities	of	contact	between	nymphs	
or	adults	and	rodents	(Randolph	and	Storey,	1999)..	
Thus	my	 results	 regarding	 tick	 species	 composition	 and	 relative	 abundance	 on	 rodent	
hosts	at	the	four	field	sites	during	the	study,	as	well	as	the	ratio	of	occurrence	of	different	
instars	mirror	 the	 results	 of	 other,	 shorter	 term	 studies	 that	 have	 been	 conducted	 in	
Germany	 and	 other	 parts	 of	 Europe.	 The	 present	 analysis	 is	 therefore	 based	 on	 the	
common	situation	and	can	be	considered	to	be	generally	applicable.	





accompanied	by	a	proportional	 increase	or	decrease	of	 the	 total	number	of	 ticks	 they	
harbor	(Goodwin	et	al.,	2001).	During	the	first	two	years	of	study,	2012	and	2013,	the	total	
abundance	 of	 ticks	 at	 AW,	 HW	 and	 MB	 was	 comparable,	 despite	 the	 substantial	
differences	in	host	abundance.	This	might	be	related	to	widespread,	potentially	weather-
related	events	 in	preceding	years	 (Ruiz-Fons	et	al.,	2012)	 that	had	an	 influence	on	the	














be	 identified	between	 the	 total	 abundance	of	hosts	and	 the	 total	number	of	 ticks	per	
sampling	season,	which	indicates	that	the	situation	in	BW	is	more	complex	than	in	the	
northeast	of	the	USA.	This	will	be	examined	in	more	detail	in	the	following	sections.	








generally,	 abiotic	 influences.	The	 reduced	availability	of	 shelter	 for	 ticks	 from	extreme	





The	 three	 minor	 tick	 species	 found	 on	 hosts,	 D.	 reticulatus,	 I.	 acuminatus	 and	 I.	
trianguliceps,	are	endophilic	tick	species	(D.	reticulatus:	only	immatures),	living	in	close	
association	with	their	small	mammal	hosts	and	being	only	detectable	by	collection	from	








species	 among	 the	 four	 species	 collected,	with	 over	 300	 known	 host	 species	 (Stanek,	
2009;	Silaghi	et	al.,	2012a),	including	humans.	I.	ricinus	is	therefore	likely	to	serve	as	the	



















effective	 transmission	 potential,	 leading	 to	 most	 infected	 I.	 ricinus	 ticks.	 A	 study	
conducted	in	Poland	by	Sínski	et	al.	(2006)	found	that	individuals	of	Af	were	not	only	more	
likely	 to	 be	 infested	 with	 I.	 ricinus	 larvae	 than	 Mg,	 but	 that	 they	 also	 harbored	
substantially	larger	numbers	of	ticks	compared	to	the	bank	vole.	
The	 comparison	 of	 tick	 burdens	 between	 the	 two	 major	 small	 mammal	 hosts	 in	 the	
present	study	clearly	confirmed	these	strong	differences	between	the	two	rodent	species:	
Af	was	found	to	have	a	consistently	higher	level	of	tick	infestation	compared	to	Mg.	This	
pattern	was	consistent	at	all	 sites	 in	all	 years	of	 sampling,	 comprising	 larval	as	well	as	
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nymphal	burdens	of	 I.	 ricinus	 infestation	and	covering	all	measures	of	parasite	burden	
used	to	characterize	the	distribution	of	ticks	between	the	two	species	(prevalence,	mean	
abundance,	mean	intensity,	range	of	infestation).		
The	 lowered	 tick	 burden	 on	Mg	might	 be	 attributed	 to	 the	 species’	 ability	 to	 acquire	
immunological	resistance	against	 I.	ricinus	 infestation	over	time	(Wikel,	1996).	This	can	
consequently	 lead	 to	 reduced	 feeding	 success,	 lowered	 engorgement	 weight	 and	
impaired	survival	rate	of	ticks	(Dizij	and	Kurtenbach,	1995). Af,	on	the	other	hand,	is	not	
able	to	build	up	such	a	resistance	against	I.	ricinus	(Dizij	and	Kurtenbach,	1995). 
Besides	 the	 immunological	 differences	of	 potential	 influence	on	 tick	burdens,	 the	 two	
rodent	species	differ	in	their	ecology:	individuals	of	Af	have	much	larger	home	ranges	and	
more	 extensive	 activity	 periods	 than	Mg,	 which	 increases	 the	 potential	 contact	 rate	
between	host	individuals	and	ticks	and	might	be	involved	in	comparatively	increased	tick	
burdens	 of	 the	 species	 as	 well.	 In	 addition,	 yellow-necked	 mice	 tend	 to	 show	
comparatively	 less	 pronounced	 self	 and	 foreign	 grooming	 than	 voles	 (Gurnell,	 1985),	
which	is	likely	to	contribute	to	the	higher	tick	load	on	Af	as	well.		
Patterns	of	parasite	abundance	and	dispersion	have	previously	been	shown	to	not	only	
be	 related	 to	 the	 quality	 of	 hosts	 (Vázquez	 et	 al.,	 2005)	 but	 also	 to	 depend	 on	 their	
frequency	 of	 occurrence	 (Arneberg	 et	 al.,	 1998).	 This	 does	 not	 seem	 to	 be	 generally	







al.,	 2008;	Mihalca	et	 al.,	 2012;	Gassner	et	 al.,	 2013;	 van	Duijvendijk	et	 al.,	 2015)	 and	
Germany		(Kiffner	et	al.,	2011;	Silaghi	et	al.,	2012b).	
The	consistency	of	this	trend	suggests	that	the	higher	tick	load	on	Af	compared	to	Mg	is	






Tälleklint	 and	 Jaenson,	 1997;	 Randolph	 et	 al.,	 1999;	 Rosà	 et	 al.,	 2007)	which	 is	 a	 key	
element	in	the	quantification	of	the	transmission	of	TBP	(Kiffner	et	al.,	2011).	Therefore,	
I	 examined	 how	 the	 inter-annual	 dynamics	 of	 hosts	 (Af	 and	Mg)	 between	 the	 three	
sampling	seasons	influenced	tick	abundance	parameters	at	the	four	sites	with	respect	to	













in	 2012,	 the	 significant	 differences	 in	 tick	 burdens	 on	 hosts	 among	 sites	 are	 likely	 to	
represent	differences	in	general	tick	abundance	or	activity	and	therefore	be	attributable	
to	 influences	 that	are	extrinsic	 to	 the	 rodent	host	population	 (Krasnov	et	al.,	2007).	 It	
might	 be	 that	 the	 slightly	 lower	 tick	 presence	 on	 both	 rodent	 species	 at	 HW	and	 the	
substantially	 lower	 tick	 burdens	 at	 SW	 simply	 reflect	 the	 comparatively	 higher	
environmental	suitability	of	AW	and	MB	for	ticks	(Kurtenbach	et	al.,	1995;	Estrada-Peña,	
2001;	 Tack	 et	 al.,	 2012a).	 Both	 of	 the	 latter	 sites	 represent	 humid	 forest	 habitats	 at	
younger	 successional	 forest	 stages	 (Hassler,	 1998;	 Lechner	 and	 Zimmermann,	 2007)	
including	large	amounts	of	thicket	and	overall	extensive	ground	cover,	which	potentially	
provides	more	stable	microclimatic	conditions	at	AW	and	MB	which	has	previously	been	
found	 to	 favor	 tick	 abundance	 (Lauterbach	et	 al.,	 2013).	 In	 contrast,	 HW	 and	 SW	 are	
potentially	unfavorable	tick	habitats	compared	to	AW	and	MB	as	they	are	both	drier	in	
terms	of	soil	moisture	(HW)	and	relative	humidity	(SW),	respectively	(Jensen	et	al.,	2000).	





lower	abundance	of	 leaf	 litter	at	 SW	might	 lead	 to	 increased	mortality	of	 ticks	due	 to	
reduced	shelter	against	extreme	temperatures	or	very	low	humidity,	especially	affecting	
larval	ticks	(Schwarz	et	al.,	2009;	Estrada-Peña	et	al.,	2012).	Together	with	the	potentially	











However,	 as	 other	 blood-feeding	 as	 well	 as	 reservoir	 hosts	 might	 be	 involved,	 more	
specific	deductions	comparing	the	four	sampling	sites	can	only	be	made	examining	the	
comparative	dynamics	of	tick	infestation	patterns	on	different	hosts	species.	
When	 small	mammal	 populations	 decreased	 dramatically	 at	 three	 of	 the	 four	 sites	 in	
2013,	 it	 became	 obvious	 that	 the	 relationship	 between	 host	 abundance	 and	 tick	
infestation	 in	 the	 present	 study	 was	 not	 as	 expected	 under	 the	 “mast-host-tick-
framework”	 established	 for	 the	 northeastern	US	 (Goodwin	et	 al.,	 2001;	Ostfeld	et	 al.,	
2001,	 2006).	 Opposite	 to	 their	 findings,	 there	 was	 a	 substantial	 amount	 of	 spatial	
variability	in	tick	infestation	present	between	the	closely	located	woodland	sites	(10-58km	













by	Krasnov	et	al.	(2007),	 investigating	 I.	 ricinus	abundance	on	rodent	hosts	 in	Slovakia.	
They	attempted	to	explain	this	phenomenon	by	the	“dilution	hypothesis”	after	(Hamilton,	
1971),	which	was	 originally	 based	 on	 predator-prey	 interactions,	 describing	 the	 lower	
probability	of	a	prey	individual	eaten	if	the	herd	size	increases,	and	transferred	it	to	tick-
host-systems.	 The	 differential	 relationship	 between	 hosts	 and	 tick	 along	 with	 the	




lower	 overall	 number	 of	 small	 mammal	 hosts	 at	 that	 site	 (compared	 to	 2012),	 this	
coincided	with	a	slight	increase	in	parasite	burdens	on	Af	as	well	as	Mg.	This	pattern	might	
be	due	 to	 the	dramatic	 reduction	of	 the	comparatively	more	suitable	host	 species,	Af,	








generally	 lower	 suitability	 as	 tick	 habitat,	which	 led	 to	 a	 certain	 increase	 in	 individual	
burdens	as	host	numbers	crashed,	but	much	lower	than	at	the	other	sites,	potentially	due	
to	 the	 comparatively	 lower	 habitat	 and	 weather	 related	 long-term	 availability	 of	 tick	
larvae	(Randolph,	2004;	Lindgren	and	Jaenson,	2006).		
The	 pattern	 for	 nymphs	 on	 rodent	 hosts	 in	 2013	 was	 different	 from	 2012:	 here,	 the	
numbers	of	nymphs	infesting	both	rodent	species	increased	at	all	sites	in	comparison	to	
the	preceding	season.	As	the	rate	of	contact	between	nymphs	and	rodents	is	rather	small	
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because	 of	 the	 high	 questing	 activity	 of	 nymphs	 in	 areas	 above	 the	 activity	 range	 of	
rodents	 (Randolph	and	Storey,	1999),	 it	might	be	 that	unfavorable,	probably	weather-





ones	 (Schauber	 et	 al.,	 2005).	 The	winter	 preceding	 the	 sampling	 season	 of	 2012	was	























































with	 potentially	 different	 regulatory	 mechanisms	 shaping	 tick-host-associations	
depending	on	the	geographic	range	(Stanko	et	al.,	2006).	



































from	 rodent	 hosts	 can	 provide	 a	 higher	 resolution	 of	 larval	 activity	 in	 the	 field	 than	
collecting	larvae	from	vegetation.	
In	addition,	the	seasonal	interaction	pattern	between	the	abundance	of	larvae	on	hosts	
and	host	density	 confirms	 the	previous	hypothesis	 regarding	 the	presence	of	 the	host	
dilution	effect	(Hamilton,	1971;	Krasnov	et	al.,	2007)	at	the	seasonal	level:	Tick	abundance	















involvement	of	 the	dilution	hypothesis	 in	shaping	tick-host-relationships	 in	BW.	As	 the	
lower	abundance	of	small	mammal	hosts	coincides	with	a	proportionally	increased	mean	
abundance	 of	 ticks	 on	 these	 hosts,	 this	 leads	 to	 the	 hypothesis	 that	 small	 mammal	
abundance	probably	does	not	have	a	significant	influence	on	how	many	larvae	find	a	host.	
This,	in	turn,	calls	into	question	whether	small	mammal	density	together	with	the	factors	
influencing	 this	 abundance	 (e.g.	 mast)	 in	 a	 given	 season,	 exert	 any	 influence	 on	 the	
abundance	of	 nymphal	 I.	 ricinus	 in	 the	 following	 year.	 Further	 data	will	 be	 needed	 to	
support	or	dismiss	this	hypothesis.	
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 Gender,	age	and	tick	abundance	on	hosts	
Besides	 the	species-related	differences	of	 tick	burdens	on	Af	 and	Mg,	 it	 is	known	that	









studies	on	 tick	burdens	on	 rodent	hosts	 (Davidar	et	al.,	 1989;	 Zuk	and	McKean,	1996;	
Schmidt	et	al.,	1999;	Hughes	and	Randolph,	2001;	Morand	et	al.,	2004;	Obiegala	et	al.,	
2014).	The	same	pattern	was	found	in	the	present	study:	both	major	host	species,	Af	and	
Mg,	 exhibited	 significantly	 higher	 numbers	 of	 I.	 ricinus	 larvae	 and	 nymphs	 on	 male	
individuals	compared	to	females	of	the	same	species.	This	pattern	was	consistent	in	space	
and	 time	 and	 reveals	 the	 importance	 of	 host	 gender	 as	 a	 driver	 of	 parasite	 burden.	
Furthermore,	this	can	potentially	influence	TBP	transmission.	The	causes	for	the	higher	




























High	 levels	of	 infestation	on	adult	 animals	have	predominantly	been	attributed	 to	 the	
increased	 spatial	 activity	 related	 to	 reproductive	 activity	 and	 the	 increased	 hormone	
levels	of	sexually	active	individuals	(Randolph	et	al.,	1999).	Conversely,	the	fewer	ticks	on	
juvenile	individuals	has	been	related	to	their	comparatively	shorter	time	of	exposure	to	
ticks	 in	 the	 field	 (Schmidt	et	al.,	1999),	an	argument	which	 is	difficult	 to	 follow	as	 tick	
turnover	on	a	host	 is	usually	 less	than	a	week	-	 the	time	taken	to	engorge	and	detach	
(Piesman	et	al.,	1987;	Meiners	et	al.,	2006).	
My	data	revealed	that	adult	individuals	of	both	major	host	species	showed	a	significantly	
















to	 be	 based	 on	 differences	 in	 individual	 exposure	 of	 hosts	 to	 ticks	 and	 physiological	
differences	 amongst	 the	 host	 individuals.	 This	 leads	 to	 a	 situation	 in	which	 few	 hosts	
within	a	population	feed	the	majority	of	parasites	(Shaw	and	Dobson,	1995).	A	concept	
that	 is	 broadly	 accepted	 in	 this	 context	 is	 the	 “Pareto	principle”	or	 the”80-20-rule”	of	
parasitism,	which	states	that	20%	of	the	host	population	usually	feeds	80%	of	the	parasite	
population	 in	 a	 given	 area	 and	 is	 therefore	 responsible	 for	 the	 transmission	 of	 TBP	
(Woolhouse	 et	 al.,	 1997;	 Brunner	 and	 Ostfeld,	 2008).	 Those	 hosts	 harboring	 and	
successfully	feeding	the	majority	of	the	tick	(vector)	population	are	also	responsible	for	
the	 main	 part	 of	 pathogen	 transmission	 (Brunner	 and	 Ostfeld,	 2008;	 Harrison	 and	
Bennett,	2012).	Moreover,	the	level	of	aggregation	is	of	crucial	importance	with	respect	
to	 the	epidemiology	of	TBP,	as	 it	has	 the	potential	 to	 influence	 the	establishment	and	
persistence	of	TBPs	(Woolhouse	et	al.,	1997;	Rosà	and	Pugliese,	2007;	Kiffner	et	al.,	2011;	








with	 some	 variation	 according	 to	 the	 site	 of	 collection	 and	 the	 respective	 year.	 This	
represents	 the	typical,	heterogeneous	distribution	of	parasites	within	host	populations	
















































Many	 attempts	 have	 been	made	 to	 explain	 aggregation	 on	 hosts,	 but	 even	 advanced	
statistical	approaches	using	long-term	data	have	largely	failed	(Brunner	and	Ostfeld,	2008;	




































and	 between	 the	 sites.	 Whereas	 the	 dynamics	 of	 larval	 infestation	 on	 rodents	 was	




















positively	 correlated	with	 larval	 abundance	on	hosts.	 This	 is	 not	 the	 case	 for	my	data	
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regarding	the	tick	burden	on	the	 investigated	rodent	hosts,	but	as	rodents	are	not	the	
exclusive	 hosts	 for	 I.	 ricinus	 larvae	 this	 does	 not	 provide	 sufficient	 scaffolding	 for	 the	
potential	rejection	of	this	hypothesis		
Despite	 the	 fact	 that	 flagging	has	been	used	 in	a	multitude	of	 studies	 to	estimate	 the	








2012;	 Lauterbach	 et	 al.,	 2013).	 Deductions	 from	 the	 abundance	 of	 flagged	 larvae	 in	
Central	 European	 forests	 should	 therefore	 be	 used	 more	 restrictively,	 as	 qualitative	
(present/	 absent)	 rather	 than	 quantitative	 measures	 (larvae	 per	 unit	 area)	 of	 larval	
activity.	
In	 conclusion,	my	 data	 suggest	 that	 I.	 ricinus	 larval	 activity	 obtained	 by	 flagging	 is	 of	







2000,	 2004),	 and	 their	 general	 occurrence	 did	 not	 reveal	 any	 clear	 pattern.	 The	 only	
inference	that	could	be	made	from	the	dynamics	of	nymphs	on	hosts	was	their	substantial	
increase	 in	 2013	 (not	 at	 SW).	 This	might	 be	 explained	 by	 nymphal	 exhaustion	 due	 to	
unfavorable	weather	constellation	 in	the	preceding	spring	that	 lead	to	a	 lower	vertical	
questing	activity,	hence	 increasing	the	contact	 rate	with	small	mammals,	as	previously	
discussed	(Randolph	and	Storey,	1999;	Kurtenbach	et	al.,	2006).		
Contrary	 to	 the	 low	 amount	 and	 large	 variability	 in	 questing	 larval	 activity,	 nymphs	


















mammal	hosts	and	 their	 feeding	capacity	of	 larvae	 in	 fact	 influence	 the	abundance	of	
nymphs.	 Furthermore,	 coinciding	 peaks	 of	 nymphal	 questing	 activity	 at	 all	 sites,	 as	



















were	used	 to	 review	 the	 impact	of	 larval	 activity	 (on	hosts)	on	nymph	abundance	 (on	
vegetation).	
















number	 of	 rodents	 should	 feed	 a	 larger	 total	 number	 of	 larvae	 in	 2012,	 leading	 to	
increased	nymphal	abundance	on	vegetation	in	2013	(which	did	not	occur).	According	to	







As	Ostfeld’s	hypothesis	did	not	apply	at	 the	 four	 investigated	sites,	 this	 confirms	once	
more	the	strong	differences	and	potentially	higher	complexity	of	the	European	tick-host-

























complex	 network	 of	 interactions.	 The	 results	 obtained	 by	 applying	 GAM	 to	 the	 data	
revealed	 the	direct	 relationship	between	 the	dynamics	of	 the	 tick-host-system	and	 its	
abiotic	 environment	 and	 further	 depicts	 the	 intricacy	 of	 this	 dynamic	 system	 itself	 as	
shown	 for	Germany	 (Kiffner	et	al.,	2011)	and	 the	US	 (Brunner	and	Ostfeld,	2008).	The	
congruence	between	the	three	final	models	for	larvae	on	hosts,	and	independently	on	Af	
and	Mg,	confirmed	the	reliability	of	the	modeling	approach.	
The	 complex	 interactions	 between	 intrinsic	 host	 attributes	 and	 environmental	 traits,	
which	are	 in	most	 cases	 likely	 attributed	 to	microclimatic	 factors,	has	previously	been	










the	 leaf	 litter	even	for	 long	periods	 (Mejlon	and	Jaenson,	1997).	All	 three	final	models	
included	significant	microclimatic	factors	measured	in	the	leaf	litter	layer	as	predictors	of	
tick	activity	on	hosts.	



































when	 individually	examining	 the	 influence	of	host	 species,	age	classes	and	genders	on	
differential	tick	burdens	between	the	respective	groups	of	hosts.	This	confirms	the	validity	
of	 the	 present	 comprehensive	 statistical	 approach	 to	 the	 data.	 The	 theoretical	
background	associated	with	the	significantly	lower	larval	abundance	on	Mg	compared	to	
Af,	 as	 well	 as	 the	 significant	 positive	 association	 of	 larval	 abundance	 on	male	 versus	




species-specific	 models,	 further	 substantiates	 the	 previously	 made	 hypothesis	 of	 the	
dilution	effect	(Krasnov	et	al.,	2007)	as	driver	of	the	tick-host	relationship	in	the	present	
study.	 This	 confirms	 the	 observation	 that,	 according	 to	 my	 data,	 host	 abundance	
significantly	 influences	 individual	 tick	 burdens	 on	 hosts,	 potentially	 diluting	 pathogen	
prevalence	in	ticks	as	the	abundance	of	hosts	increase,	but	that	it	does	not	influence	the	
total	 number	 of	 ticks.	 The	 fact	 that	 the	 increasing	 abundance	 of	Mg	 rather	 than	 the	
abundance	of	Af	was	shown	to	be	of	significant	negative	influence	on	larval	burdens	is	
likely	to	represent	a	statistical	artefact.	Both	species	encountered	similar	overall	changes	
in	 population	 densities	 during	 the	 study.	 Due	 to	 the	 resulting	 collinear	 nature	 of	 the	
densities	of	Af	and	Mg,	it	was	not	possible	to	include	both	predictors	in	the	same	model	
and	the	density	of	Af	was	removed	from	the	initial	model	due	to	a	comparatively	higher	

























hypothesize	 that	 a	 high	 proportion	 of	 yellow-necked	 mice	 in	 the	 small	 mammal	
community	will	lead	to	increased	survival	of	the	overall	tick	population,	as	well	as	to	an	
increased	 net	 infection	 rate	 of	 tick	 larvae	 (Humair	 et	 al.,	 1999;	 Sínski	 et	 al.,	 2006).	
Considering	the	dynamic	influences	of	microclimatic	parameters	on	tick	abundance	and	
activity,	this	constellation	could,	in	fact,	lead	to	substantial	changes	in	TBP	prevalence	in	











final	 model	 than	 the	 GAM	 analyzing	 the	 factors	 influencing	 larval	 burdens	 on	 hosts.	
Interestingly,	the	only	remaining	significant	predictors	of	I.	ricinus	nymph	abundance	were	
of	 microclimatic	 origin.	 The	 final	 model	 showed	 that	 a	 combination	 of	 short-term	
temperature	 of	 the	 soil	 (6-day-interval	 before	 sampling)	 together	 with	 the	 long-term	
accumulated	temperature	(at	50cm	height)	could	explain	51%	of	the	variability	in	questing	
nymph	density.	The	positive	association	between	short-term	soil	moisture	and	nymphal	
abundance	on	 vegetation	 is	 related	 to	 the	accelerated	 rehydration	 rate	of	 ticks	under	
more	humid	conditions	(Schwarz	et	al.,	2009;	Schulz	et	al.,	2014),	potentially	allowing	for	
a	 comparatively	more	extensive	 activity	of	nymphs	on	 vegetation.	 The	 leaf	 litter	 layer	
represents	the	stratum	where	ticks	find	shelter	when	they	suffer	from	water	loss	in	the	
presence	of	a	 large	saturation	deficit	over	time	or	 low	relative	humidity	further	up	the	
vertical	 level	 (Perret	 et	 al.,	 2000;	 Schwarz	 et	 al.,	 2009;	 Tagliapietra	 et	 al.,	 2011).	 The	































To	 conclude,	 the	 fewer	 remaining	 predictors	 of	 significance	 and	 their	 microclimatic	
background	showed	the	predominant	 importance	of	abiotic	 influences	on	the	questing	
activity	of	nymphs.	The	positive	effect	of	humidity	together	with	the	negative	influence	of	






A	 variety	 of	 different	 protozoan,	 bacterial	 and	 viral	 pathogens	 are	 known	 to	 be	





the	 examination	 of	 interactions	 among	 pathogens,	 vector	 ticks	 and	 rodent	 hosts	 in	 a	
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lies	 in	 the	 continuous	monitoring	 of	 small	mammal	without	 the	 necessity	 to	 harm	 or	
euthanize	 individuals,	 providing	 a	 representative	 estimation	 of	 the	 circulation	 of	 the	
pathogen	(Schmidt	et	al.,	1999;	Goodwin	et	al.,	2001).	The	analytical	advantage	 is	that	




























Parola	 et	 al.,	 2013;	 Obiegala	 et	 al.,	 2014).	While	 it	 is	 known	 that	 they	 are	 present	 in	
Germany	with	 potentially	 increasing	 geographical	 occurrence	 and	 the	 ability	 to	 reach	
remarkably	high	prevalence	(Franke	et	al.,	2010a;	Silaghi	et	al.,	2012a),	there	are	still	large	
knowledge	 gaps	 regarding	 their	 distribution.	 In	 addition,	 our	 understanding	 of	 their	
endemic	transmission	cycles	and	general	epidemiology	remain	poor	(Radzijevskaja	et	al.,	









babesiosis	 that	 is	 mainly	 associated	 with	 Dermacentor	 ticks	 (Földvári	 et	 al.,	 2007;	
Radzijevskaja	et	al.,	2008).	The	complete	absence	of	Babesia	spp.	from	ticks	in	the	present	







this	 species	 in	 Germany	 (Dautel	 et	 al.,	 2006;	 Karbowiak,	 2014)	 and	 the	 lag	 phase	 of	
pathogens	that	usually	accompanies	the	invasion	of	new	territories	(Phillips	et	al.,	2016).	
	
The	 nature	 of	 occurrence	 of	 TBE-V	 is	 highly	 focal	 (Süss	 et	 al.,	 2004b)	 and	 mainly	
characterized	 by	 a	 low	 overall	 prevalence	 (Süss	 et	 al.,	 2006).	 The	 pathogen	 thereby	
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establishes	and	persists	 in	 local	 foci	where	 it	 is	assumed	to	cycle	between	wild	rodent	
hosts	and	ticks	(Ginsberg	and	Faulde,	2008).	The	examination	of	ticks	for	TBE-V	infection	
in	 the	 present	 study	 therefore	 aimed	 at	 the	 qualitative	 examination	 of	 the	 TBE-V	
distribution	(presence/	absence).	The	isolated	detection	of	TBE-V	in	two	I.	ricinus	larvae	
collected	from	the	same	S.	araneus	host	at	HW	confirms	its	expected	low	frequency,	and	
raises	 the	question	of	 the	 role	 shrews	might	play	 in	 its	epidemiological	 cycle	of	TBE-V	




and	 lower	 overall	 abundance,	 they	 are	 often	 neglected	 in	 studies	 of	 TBPs,	 but	 recent	
studies	 indicate	 their	 potential	 importance	 as	maintenance	hosts	 of	 TBP	 (Bown	et	 al.,	








prevalence	 of	 Bbsl	 and	 Rspp	 was	 analyzed	 for	 ticks	 on	 hosts	 and	 ticks	 on	 vegetation	
throughout	the	three	years	of	study.		
The	central	focus	of	the	discussion	will	therefore	be	the	analysis	of	prevalence	patterns	of	


















can,	 depending	 on	 the	 respective	 genospecies	 involved,	 be	 facilitated	 by	 feeding	 on	
infected	rodent	hosts.	Transmission	efficiency	of	Bbsl	to	the	feeding	larvae	can	hence	be	




Bbsl	 and	Rspp.	The	 infection	prevalence	of	Bbsl	 is	expected	 to	 increase	 from	 larvae	 to	











































The	overall	Bbsl	 prevalence	 in	 I.	 ricinus	 larvae	and	nymphs	on	Af	 and	Mg	 ranged	at	 a	
comparable	level	to	other	Central	Europe	n	studies	(Hanincová	et	al.,	2003;	Michalik	et	
al.,	 2003;	 Sínski	 et	 al.,	 2006;	 Radzijevskaja	 et	 al.,	 2013),	 indicating	 the	 potential	
importance	 of	 both	 species	 in	 the	 Bbsl	 transmission	 cycle	 at	 the	 sampling	 sites.	 The	
prevalence	patterns	observed	for	Bbsl	in	the	two	rodent	species	revealed	the	importance	
of	host	species	as	well	as	the	influence	of	host	and	tick	dynamics.	
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The	pattern	of	Bbsl	occurrence	in	ticks	collected	from	Af	and	Mg	indicates	that	these	hosts	
contribute	 to	 the	overall	 transmission	dynamics	and	ecology	of	Bbsl	 in	 species-specific	
ways.	This	is	presumably	related	to	the	intrinsic	differences	between	mice	and	voles,	such	
as	the	potential	of	Mg	to	acquire	resistance	against	I.	ricinus	infestation	and	the	antibody-
mediated	 impaired	 transmission	 of	 Bbsl	 by	 Af	 (Kurtenbach	 et	 al.,	 1994;	 Dizij	 and	
Kurtenbach,	1995).	The	higher	total	prevalence	in	ticks	collected	on	Mg	compared	to	Af	
matches	these	hypotheses	and,	according	to	Humair	and	Gern	(1999),	suggests	a	higher	
infectivity	 of	 bank	 voles	 compared	 to	 yellow-necked	 mice.	 This	 higher	 infectivity	 or	














throughout	 their	 entire	 life	 (up	 to	 40	 months)	 and	 a	 repeated	 infestation	 with	 non-
infected	I.	ricinus	larvae	can	even	increase	the	transmission	of	Bbsl	from	host	to	tick	(Gern	
and	Siegenthaler,	1994;	Jones	et	al.,	2015).	All	this	makes	Af	the	species	with	the	higher	
reservoir	 potential	 for	 Bbsl	 (Humair	 et	 al.,	 1999;	 Sínski	 et	 al.,	 2006).	 This	 indicates	
potentially	wide-ranging	 effects	 on	Bbsl	 prevalence,	 depending	 on	 species	 community	
composition	and	relative	abundance	of	Af	and	Mg	on	the	resulting	cumulative	reservoir	
competence	 of	 the	 rodent	 community	 at	 a	 given	 locality	 and	 impact	 on	 pathogen	
prevalence	in	a	pronounced	way.	
Besides	the	overall	patterns	of	Bbsl	prevalence	in	I.	ricinus	between	Af	and	Mg,	the	overall	















of	 nymphal	 abundance	 on	 hosts	 in	 2013,	 together	 with	 the	 strongly	 increased	 larval	








showed	 that	 a	 higher	 proportion	 of	 nymphs,	 as	well	 as	 a	 higher	 tick	 burden	 on	 small	
mammal	hosts,	can	lead	to	a	higher	prevalence	of	Bbsl	in	the	larvae	of	the	same	year.	
The	increase	in	nymphal	prevalence	in	2014,	after	the	host	population	breakdown	and	the	
















the	 reservoirs	 or	 their	 species-specific	 contact	 rates	 to	 ticks	 as	well	 as	 to	 a	 variety	 of	







particularly	 distinct	 for	 I.	 ricinus	 larvae.	 This	 indicates	 the	 need	 to	 acquire	 more	













many	Rspp,	as	 the	bacteria	can	be	vertically	 transmitted	 from	mother	 tick	 to	offspring	










et	 al.,	 2016).	 Thus,	 the	 pathogen	 can	 exist	 virtually	 independently	 of	 vertebrates	 as	
reservoir	 hosts,	 and	 can	 flourish	 within	 its	 designated	 reservoir,	 the	 vector	 tick	
(Socolovschi	 et	 al.,	 2009).	 Therefore,	 rodent	 host	 or	 tick	 abundance	 or	 dynamics	 are	
unlikely	to	affect	Rspp	prevalence,	and	my	results	correspond	with	this	hypothesis.	The	
larger	 degree	 of	 variability	 in	 nymphal	 prevalence	 between	 years	might	 arise,	 among	
other	 potential	 factors,	 from	 the	 comparatively	 lower	 number	 of	 nymph	 samples	 on	
rodents	in	total,	especially	for	Mg.	The	comparatively	lower	prevalence	in	nymphs	than	
larvae	 might	 also	 indicate	 deleterious	 effects	 of	 Rspp	 infection	 in	 ticks	 over	 time.	















2012).	 If	 this	 putative	 period	 of	 higher	 sensitivity	 coincided	with	 detrimental	weather	
conditions,	this	might	have	“reset”	the	Rspp	prevalence.	























been	 fully	 accessible	 due	 to	 the	 predominance	 of	 larvae	 belonging	 to	 class	 2.	
Nevertheless,	the	increase	of	Bbsl	prevalence	in	larvae	on	both	hosts	along	with	increased	















The	 findings	 obtained	 by	 the	 examination	 of	 the	 relationship	 between	 pathogen	
prevalence	and	engorgement	status	gave	further	insight	into	the	system	of	tick-pathogen-














nymphs	 on	 rodent	 hosts	 drives	 the	 prevalence	 of	 infection	 in	 larvae	 on	 these	 hosts.	
Moreover,	rodent-borne-effects	on	Bbsl	prevalence	do	not	determine	the	abundance	of	
Bbsl	infected	nymphs	on	vegetation.		






et	 al.,	 2008;	 van	 Duijvendijk	 et	 al.,	 2016),	 it	 is	 regarded	 as	 an	 unlikely	 event	 in	 the	
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endemiological	cycle	of	the	pathogen	(Kurtenbach	et	al.,	2006).	A	possible	explanation	for	
the	 presence	 of	 unfed	 but	 infected	 larvae	 at	 SW	 is	 provided	 by	 a	 newly	 emerging	





results	 of	 transovarial	 transmission	 of	B.	miyamotoi	 and	 not	Bbsl.	 Rodents	 have	 been	
confirmed	as	zoonotic	reservoirs	(Burri	et	al.,	2014;	van	Duijvendijk	et	al.,	2016),	but	birds	











basis	 of	 the	 rise	 of	 nymphal	Bbsl	 prevalence	 in	 2013.	 It	 rather	 seems	 that	 the	 larger	
abundance	of	nymphs	on	hosts	 led	 to	an	 increase	 in	 larval	prevalence	of	 infection,	 as	
previously	 discussed	 for	 the	 individual	 host	 species,	 but	 that	 the	 Bbsl	 prevalence	 in	
nymphs	 on	 vegetation	 was	 not	 associated	 with	 any	 rodent-based	 effects.	 This	 again	



























Brunner	and	Ostfeld,	2008).	This	might	be,	 in	part,	 reflected	by	the	strong	decrease	 in	
nymphal	Rspp	prevalence	on	vegetation	from	2013	to	2014.	Furthermore,	the	prevalence	




et	 al.,	 2013).	 Rodents,	 including	Myodes	 spp.	 and	Apodemus	 spp.	 as	Rspp-susceptible	
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on	 vegetation.	 GLM	were	 chosen	 for	 parsimony	 reasons	 (Blumer	 et	 al.,	 1987),	 as	 the	
introduction	 of	 any	 explanatory	 terms	 to	 adjust	 for	 hierarchical	 (GLMM)	 or	 temporal	
(GAM)	effects	in	the	dataset	failed	to	account	for	the	extensive	substructures	of	unknown	
origin	 that	were	 encountered	 in	 the	 data	 and	 therefore	 did	 not	 improve	 the	models.	
However,	even	the	use	of	this	advanced	statistical	approach,	attempting	to	analyze	the	
tick-host-pathogen	system	as	a	functional	unit	(Rosà	et	al.,	2007)	demonstrated	that	the	
identification	of	 the	 factors	 influencing	pathogen	prevalence	 in	 the	 field	 is	much	more	
challenging	than	for	ticks.		




of	 both	 pathogens,	 indicating	 the	 overall	 involvement	 of	 rodents	 and	 the	 differential	








The	 overall	 models	 were	 largely	 incompatible	 with	 the	 site-specific	 models	 and	 not	
applicable	 to	 the	 individual	 sites,	 leading	 to	 the	 conclusion	 that	 the	 applied	modeling	
framework	 could	 simply	 not	 encompass	 the	 processes	 and	 relationships	 shaping	 the	
prevalence	 at	 the	 individual	 sites.	 It	 appears	 that	 different	 variables	 drive	 the	 larval	
prevalence	of	both	pathogens	at	the	individual	sites	and	that	this	variability	seems	to	be	
larger	 than	 the	 presence	 of	 any	 uniform	 site-spanning	 relationship.	 This	 lack	 of	













pathogen	 modelling	 approach	 was	 dedicated	 to	 identifying	 factors	 influencing	 the	
prevalence	of	Bbsl	and	Rspp	 in	questing	nymphs.	The	overall	models	for	Bbsl	and	Rspp	




of	 larvae	 in	 the	previous	season	(Randolph	et	al.,	1999).	 In	addition,	 the	probability	of	





by	 transovarially	 than	 to	 cycle	 between	 rodents	 and	 ticks.	 Therefore,	 this	 would	




al.,	 2013).	 The	 negative	 connection	 between	 host	 abundance	 and	Rspp	 prevalence	 in	
questing	nymphs	in	the	following	season	can	be	explained	by	the	dynamic	nature	host	
abundance.	 After	 a	 period	 of	 high	 abundance,	 host	 populations	 commonly	 crash	
(Flowerdew	 et	 al.,	 1985;	 Pucek	 et	 al.,	 1993;	 Rosà	 et	 al.,	 2007).	 This	 would	 lead	 to	 a	
decreased	 number	 of	 hosts	 for	 ticks,	 including	 those	 infected	 with	 Rspp,	 and	 thus	
decrease	 the	 abundance	 of	 infected	 nymphs	 on	 vegetation	 in	 the	 following	 year.	






the	 low	 overall	 Bbsl	 prevalence,	 which	 impedes	 the	 detection	 of	 patterns	 and	
relationships,	or	the	potentially	minor	influence	of	vertebrate	hosts	like	rodents	on	the	
general	 transmission	 patterns	 of	 Rspp.	 As	 rodents	 do	 not	 represent	 the	 only	 hosts	
involved	 in	 the	 transmission	and	maintenance	of	Bbsl	 and	Rspp,	 further	 investigations	











relevancy	 of	 tick-borne-pathogen	 models	 and	 their	 placement	 in	 the	 continuum	 of	 a	





years	 of	 comprehensive	 data	 collected	 monthly	 on	 rodent	 hosts,	 their	 ticks	 and	 the	
pathogens	they	carried,	 it	was	not	possible	to	derive	any	general	patterns	of	pathogen	
transmission	 at	 the	 four	 investigated	 sites.	 All	 sites	 exhibited	 their	 own	 individual	
processes	and	patterns	acting	to	shape	pathogen	prevalence	in	ticks	on	rodent	hosts	and	
on	vegetation.	The	vast	amount	of	variability	that	I	encountered	examining	Bbsl	and	Rspp	








and	 effort-consuming	 approaches	 might	 end	 up	 explaining	 the	 mechanisms	 driving	
pathogen	prevalence	at	only	one	or	a	few	geographical	locations	(Humair	and	Gern,	2000).	
Besides	 these	 analytical	 impediments,	 the	 situation	 is	 further	 complicated	 by	 the	
subjective	perception	and	elusive	nature	of	“risk”.	It	is	hard	to	deduce	a	general	risk	for	a	
human	population	as	 individual	exposure	and	other	anthropogenic	 factors	 like	habitat	
fragmentation	or	the	urbanization	of	human	settlements	have	to	be	taken	into	account	
(Stoddard	et	al.,	2009;	Pfäffle	et	al.,	2013).	
The	 establishment	 of	 theoretical	 models	 in	 order	 to	 explain	 the	 importance	 of	 eco-
epidemiological	aspects	of	TBD	is	of	use	 in	examining	relationships	and	mechanisms	 in	
theory,	but	may	only	be	of	limited	value	under	field	conditions.	Due	to	the	highly	specific	






defined	 set	 of	 variables.	 Deductions	 made	 from	 confined	 datasets	 are	 likely	 to	 have	
limited	 explanatory	 power	 or	 to	 be	 based	 on	 spurious	 relationships	 if	 the	 biological	





might	 not	 allow	 the	 establishment	 of	 a	 single,	 universal	 model	 to	 explain	 pathogen	
dynamics	in	space	and	time,	regardless	of	how	many	variables	are	acquired.	As	stated	by	
Humair	 and	Gern	 (2000),	 it	 is	 rather	 likely	 that	 every	 single	 focus	 of	 Lyme	 borreliosis	
exhibits	its	own	transmission	patterns	because	every	single	focus	has	its	own	ecological	
history.	 Instead,	a	sensible	approach	to	deepen	our	understanding	of	the	patterns	and	
processes	 underlying	 the	 dynamics	 of	 tick-host-pathogen	 systems	might	 be	 to	 initiate	
small-scale	 local	 studies,	 acquiring	 comprehensive	 long-term	 data	 of	 several	 sampling	
sites	against	the	background	of	our	current,	interdisciplinary	knowledge	on	the	ecology	of	
TBP	(Eisen,	2008;	Reye	et	al.,	2010;	Dobson	et	al.,	2011;	Johnson	et	al.,	2015).	However,	
















a	 significant	 impact	 on	 the	 abundance,	 activity	 and	 development	 of	 I.	 ricinus	 and	 the	
pathogens	that	it	transmits.	I	have	shown	that	the	tick-host-pathogen	system	present	in	
BW	is	highly	complex	and	dynamic	and	that	even	the	large	number	of	potential	influential	















abundance	 (i.e.	 the	 fewer	hosts	 the	more	 larvae	per	host),	 but	 the	overall	 number	of	
nymphs	 found	within	 the	host	population	was	not	related	to	rodent	abundance	 in	 the	
previous	year.	


























While	 the	 abundance	 of	 ticks	 on	 hosts	 was	 based	 on	 the	 interaction	 between	
microclimatic	factors	and	host	population	characteristics	and	showed	the	importance	of	
male	adult	Af	as	predominant	host	for	tick	larvae,	the	abundance	of	nymphs	on	vegetation	














Europe	 as	well.	 This	 is	 not	 the	 case.	 Rather,	my	 data	 shows	 that	 the	 epidemiological	
patterns	vary	between	habitats	and	years	making	any	form	of	generalization	difficult.	Each	
habitat	must	be	considered	as	a	separate	entity	in	which	the	pattern	of	tick-host-pathogen	
interactions	 must	 be	 studied	 over	 a	 long	 time	 span	 in	 order	 to	 define	 the	 fine	 scale	
interconnections.	In	fact,	the	fundamental	aspect	of	every	ecological	study	is	the	need	to	
deal	with	enormous	amounts	of	variability	in	the	system,	mainly	due	to	complexity	and	
















in	Germany,	 a	 variety	of	different	host	 species	 can	 serve	as	 tick	hosts	and	 these	have	
different	capacities	to	act	as	disease	reservoirs.	In	order	to	consolidate	our	knowledge	on	
the	 interactions	within	 the	 tick-host-pathogen-environment	network	and	to	be	able	 to	
differentiate	between	the	exception	and	rule,	further	years	of	continuous	field	studies,	
taking	more	host	 species	 into	 consideration	 (for	example	deer	which	act	as	 the	major	
hosts	for	female	I.	ricinus)	are	needed.	This	should	be	combined	with	the	analysis	of	the	
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HygroClip	2	sensors	 	 	 	 	 	 Rotronic	
	
Tick	collection	and	identification	
Flag	 	 	 	 	 	 	 	 In-house	production	
Falcon™	Tubes	(15ml,	50ml)	 	 	 	 	 BD	Biosciences	
Forceps	 	(Biologie	No.5)	 	 	 	 Dumont	
Petri	dishes	 	 	 	 	 	 	 Greiner	Bio-one	GmbH	
Rotilabo®-safety	microcentrifuge	tubes	(PP	2.0ml)		 	 Roth	
Reaction	tubes	(1.5ml)	 	 	 	 	 Sarstedt	
	
Small	mammal	capture	and	marking	
Small	mammal	live	traps	 	 	 	 	 Longworth	
Micro	Tattoo	System		 	 	 	 	 	 Fine	Science	Tools	
Ketchum	Green	Tattoo	Paste		 	 	 	 Ketchum,	Manufacturing	Inc.	
Sterican	needles	(27G	x	½“,	0.4	x	12	mm)	 	 	 B.	Braun	Melsungen	AG	
Hypodermic	needle	(30G	x	½“,	0.3	x	13	mm)		 	 BD	MicrolanceTM	3,	BD	





Disposable	nitril	gloves	 	 	 	 	 	 Asid	Bonz	
Disposable	latex	gloves	 	 	 	 	 	 VWR	
Eppendorf	Reference	pipette	(0.5-10µl,	10-100µl,	100-1000µl)	 Eppendorf	
Safe-lock	tubes	(0.5ml,	1.5ml,	2.0ml)		 	 	 	 Eppendorf	
Eppendorf	Multipette	4780	 	 	 	 	 	 Eppendorf	
Multi-Tip	pipette	tips	(10ml)	Combitips	advanced	 	 	 Eppendorf	
Steel	beads	(3mm	Durchmesser)	 	 	 	 	 VWR	
MEM	Earle	(1x)	cell	culture	medium	w	2.2g/l	NaHCO3	
w	stable	glutamine		 	 	 	 	 	 	 Biochrom	AG	
	
Nucleic	acid	purification	
96well	plate	 	 	 	 	 	 	 Greiner	Bio-one	GmbH	
Safe-lock	tubes	(0.5ml,	1.5ml,	2.0ml)		 	 	 Eppendorf	
Multi	channel	pipette	(50-1200µl)	 	 	 	 Biohit		
NucliSens®	easyMag™	Disposables	 	 	 	 BioMérieux	
NucliSens®	easyMag™	Extraction	Buffer	1,	2,	3	 	 BioMérieux	
NucliSens®	easyMag™	Lysis	Buffer	 	 	 	 BioMérieux	
NucliSens®	easyMag™	Magnetic	Silica	 	 	 BioMérieux	
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Pipette	tips,	with	filter	(50-1200µl)	 	 	 	 Biohit	
Water	(PCR	clean)	
PCR	
Glass	caplillaries	(20µl)	 	 	 	 	 	 Roche	
PCRtubes	(0.2ml)	 	 	 	 	 	 	 Biozym	
Radiator	block	with	Centrifuge	Adapters	 	 	 	 Roche	
LightCycler®	DNA	Master	HybProbe	 	 	 	 	 Roche	
Primer		 	 	 	 	 	 	 	 TibMol	
Probes		 	 	 	 	 	 	 	 TibMol	
SuperScript	III	One-Step	RT-PCR	Kit	with	Platinum®	Taq	 	 Invitrogen	
iProof	High	Fidelity	DNA	Polymerase		 	 	 	 Bio-Rad	
	
Gel-Electrophoresis	
Agarose	Standard	 	 	 	 	 	 	 Roth	
Rotiphorese	TBE	buffer	 	 	 	 	 	 Roth	
Water	
Midori	Green	DNA	stain	 	 	 	 	 	 Nippon	Genetics	
	
Laboratory	Equipment	
Vibration	mill	MM400	 	 	 	 	 	 Retsch	
Cooling	centrifuge	5804R	and	5417R		 	 	 	 Eppendorf	
Mini	centrifuge	5415D	 	 	 	 	 	 Eppendorf	
NucliSense®	easyMag™	 	 	 	 	 	 BioMérieux	
LightCycler®	1.0	 	 	 	 	 	 	 Roche	
LightCycler®1.5	 	 	 	 	 	 	 Roche	
GeneAmp®	PCR	System	9700		 	 	 	 	 Applied	Biosystems	
PCR-Cycler	C	1000TM	Thermal	Cycler	 	 	 	 Bio-Rad		
ChemiDoc	XRS	gel	documentation	system		 	 	 	 Bio-Rad	 	
